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FOREWORD 


B. Levin’s eBook “The Theory of Thin antennas and Its Use in Antenna 
Engineering” is dedicated to the theory of thin perfectly conducting and 
impedance radiators. For the most part, it bases on original results of the author 
who has successfully been tackling the problems of thin antennas for about fifty 
years and has contributed hundred published papers and fifty inventions in this 
area of great interest. Particularly impressive is that the author succeeds in an 
eBook so small in volume (~ 200 pages), in treating at a high scientific level the 
most important aspects of the analysis and synthesis of thin radiators and probable 
fields of their application. In the manner of rendering the material and in the 
number of thin antenna variants considered by the author, the eBook comes close 
to a handbook, which makes the results set forth in it much easier to use. 
Undoubtedly B. Levin’s eBook will be greeted with interest by the community of 
antenna professionals and students of higher radio engineering schools. 

Prof. Yakov S. Shifrin 

Honored Worker of Science and Technology of Ukraine 
President of Ukrainian National Antenna Association 

Life Fellow IEEE 
Ukraine 



PREFACE 


The eBook deals with the methods of theoretical and experimental research of 
antennas, which are based on the electromagnetic (EM) theory. The theory of thin 
antennas underlies the antenna analysis, as they represent one of the main types of 
radiators and are extensively put into practice both as independent antennas and as 
elements of more complicated antennas. 

Here, techniques for calculations of the electrical characteristics of thin linear 
antennas are described and analyzed consistently, in particular, the methods of 
Poynting vector and the induced electromotive force (emf) (first and second 
formulations) as well as the integral equation method for the antenna conductor 
current. The theorem of the oscillating power is shown to allow bringing the 
difficult answers of the antenna theory to light. 

The eBook presents several new methods of antenna analysis and design, 
including the theory of electrically coupled lines, and the methods of complex 
potential, of the compensation, of the impedance line, and of the mathematical 
programming among others. New results are obtained. The complex potential 
method is generalized to inhomogeneous media and is employed in conical and 
parabolic problems. The theory of electrically coupled lines allows considering 
theoretical problems of multi-conductor cables and multi-radiator antennas. The 
compensation method permits creating a weak field area in the near region of a 
transmitting antenna. The method of impedance line is applied to antennas with 
loads, and the method of mathematical programming offers selecting loads to 
develop antennas with required characteristics. 

It is shown how the methods of dipoles and monopoles calculation are generalized 
to the more complicated structures: an antenna with displaced feed point, with 
losses in the wire, with the lumped and distributed loads, multi-wires, multi¬ 
radiators, folded and multi-folded antennas, and antennas of parallel wires with 
different length. The duality principle provides the slot antenna analysis. 

The methods described enable calculating designs of new types of antennas, 
particularly, the self-complementary ones. A self-complementary structure 
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exhibits constant and purely resistive input impedance in a wide frequency range. 
In the general case, similar properties pertain to the three-dimensional self¬ 
complementary antennas, their variants being considered in the eBook. 

Different types of arrays including reflect and adaptive arrays are treated in the 
eBook in detail. The reciprocity theorem for a reflect array permits to detennine a 
field phase step in a signal reradiated by a reflect array element and to build a 
reflect array with any given radiation direction. 

Close attention is paid to the field compensation in the near region of a 
transmitting antenna and to creation of the dark spot. The shape and dimensions of 
dark spots and the irradiation reduction factor are found. Also, a compensation 
method seeking to form a weak field area over a broad frequency band is 
considered. Broadband field compensation is shown to be achievable in various 
structures where the required anti-phase second field is established either by an 
auxiliary antenna of identical type or by radiators located at equal distances from 
the compensation point, or by flat reflectors. 

The characteristics of metal-shielded two-wire lines (twisted pairs) are calculated 
using a rigorous method based on the theory of electrically coupled lines. The 
cross-coupling between lines in multi-conductor cables is shown to result in a 
kind of electromagnetic interference (crosstalk) in communication channels, while 
the asymmetry of excitation and loads is shown to result in appearance of 
common mode currents in the cable. Voltage values (interference) for loads 
placed at the beginning and the end of the adjacent line are found at a given power 
in the main line. The effect of loads connected between wires and shield is 
examined. 

A modified method for solving integral equations, which permits to obtain an 
integral expression for the current at each point of antenna, is proposed. The 
distribution law for the current along a radiator with distributed and concentrated 
(lumped) loads is analyzed. The distribution is shown to be similar to that along 
an equivalent long line (an impedance line). Linear and V-antennas with lumped 
capacitive loads are described. The problem of load selection to develop antennas 
with optimal characteristics is considered. Special attention is devoted to the 
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synthesis of wide-band loaded antennas as well as to the issues of producing a 
given current distribution along a dipole and to those of reducing the effects of re¬ 
radiators. 

In addition, some other matters are discussed in the eBook: transparent antennas, 
the rectangular loop field, structural features of ship borne (onboard) antennas. 
For example, creating a uniform distribution of currents along the transparent 
radiator cross-section by means of a metal triangle is shown to allow obtaining a 
sufficiently efficient antenna, its undeniable advantage being wide frequency 
band. The azimuth and radial field components of a rectangular loop in far and 
near field are found. Loop dimensions and shape are demonstrated to have a 
substantial effect on the field magnitude, especially in the near region. 

The proposed eBook is a natural addition to known monographs. It is intended for 
professionals, who are engaged in engineering electrodynamics and in 
development, deployment and operation of antennas. To benefit from it will also 
be lecturers (university-level professors), teachers, students, advisors, etc. in their 
profound study of fields radiated by antenna equipment. The contents of the 
eBook can be drawn on to a short university course. 
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CHAPTER 1 


Theory of Thin Antennas 

Abstract: The great value of the theory of thin antennas is substantiated. Models of a 
linear radiator shaped as a straight perfectly conducting fdament with zero and finite 
radii and as a straight circular thin-wall cylinder are described. Methods of calculation, 
which were applied before resorting to integral equations, are presented, in particular 
the induced emf method, its first and second formulations. Results of its application to 
symmetrical dipoles, to radiators with displaced feed point, to radiators with constant 
and piecewise constant surface impedance and lumped loads, to folded and multi¬ 
radiators antenna are given. 

Keywords: Antenna theory, Conducting filament, Constant impedance, Current 
derivative jump, Displaced feed point, First fonnulation, Folded antenna, Induced 
emf method, Lumped loads. Modified solution method, Multi-radiators antenna, 
Oscillating power, Piecewise constant impedance, Poynting’s vector, Reactive 
power, Second formulation, Sinusoidal distribution, Stepped impedance long line, 
Surface impedance, Symmetrical dipole, Thin antennas, Thin-wall cylinder. 

1.1. FIRST STEPS 

Ronold King gives an account of first antennas and first steps of antenna 
engineering [1], In twenty years after Maxwell formulated his famous equations 
[2] to become the foundation of the classical electromagnetic (EM) theory, Hertz 
proved experimentally the existence of wave effects predicted by the equations. 
He used a spark gap to excite attenuated oscillations in a wire of length 60 cm 
with metal plates at the ends [3, 4], Hertz’ experiment started the future stonny 
development of radio engineering. 

The first two Maxwell’s equations in differential fonn are written as 

curlH = j + —-, curlE = - —, (1.1) 

dt dt 

where H is the vector of magnetic field strength, j is the vector of volume 
density of conduction current, D is the electric displacement vector, t is time, E is 
the vector of electric field strength, B is the vector of magnetic induction. 
Hereinafter the International System of Units is used. 
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The equations (1.1) are to be complemented with the equation of continuity 

divj , (1.2) 

8t 

where p is the volume density of the electrical charge. 

Typically, two more equations are included into a system of Maxwell’s equations: 
divD = p , divB = 0 , (1.3) 

but they follow from the equations (1.1) and (1.2) [5], 

The equations (1.1) interconnect the electromagnetic fields and currents in free 
space. Here it would be wrong to consider the left- or the right-hand side of an 
equation as the cause and, accordingly, the other side as the consequence. 
Currents, the electric and magnetic components of fields exist jointly only. And 
none of the quantities are the prime cause of appearance of others. 

Radiation of an antenna is result of the action of another medium. In order to take 
it into account, the set of equations should in accordance with the equivalence 
theorem have extraneous (impressed) currents and fields as the original sources of 
excitation. They are introduced as summands in quantities j , E and II . Their 
nature and location area depend on the model of the section close to a generator, 
which is commonly known as the excitation zone. The total electromagnetic field 
of an antenna adds up from the field produced by the excitation zone and the field 
produced by the wires’ currents, which arise at switch-on of initial sources. As a 
rule, the first summand is substantially less than the second one far from the 
antenna and can be neglected. 

The Maxwell’s equations for electromagnetic field, which are complemented with 
boundary conditions on the surface of some or other antenna, allow writing the 
equation for the current in the antenna wire. Solving it and finding the current 
distribution along the wire, one can determine electrical characteristics of a 
radiator. But in the first decades after Hertz’ works researchers were interested in 
other matters. Among engineers trying to solve the problem of signal reception, 
names of Marconi and Popov are best known. 
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In 1894, 23-year-old Rutherford made a device for receiving radio signals, which 
was based on demagnetizing of a bunch of needles, and even demonstrated it to 
Marconi, and the latter undertook to improve it. And to solve the transmission 
problem the invention of radio tubes was essential. The power of radio tubes 
began to grow from year to year. 

Published in 1884, paper [6] was devoted to calculation of the radiated signal 
power. The paper introduced the Poynting’s vector as 

S = [E,H]. (1.4) 

Quantity S is the power flux density. Its projection onto the nonnal to the 
corresponding part of a closed surface is equal to the power flux density, outgoing 
from the volume, bounded by the surface. 

Using the Poynting’s vector, one can find the active component of antenna 
radiation impedance. The power flux passing through an antenna surface does not 
change in free space and is equal to the power flux in the far region. The vectors 
of electric and magnetic field strengths are mutually perpendicular. Here, 

\H\ = \E\/Z 0 , 

where Z 0 = 120/r is the wave impedance of free space. Since the field strength of 
a vertical linear antenna in the spherical coordinate system is 

E = E m F ($,</,), 

where E m is the field in the direction of maximal radiation, and F {6, <f) is the pattern, 
the radiation power of such antenna is equal to an integral of Poynting’s vector 

Pz=(l/Z o )lE 2 m F 2 (0,0)dS. (1.5) 

( 5 ) 

Integration is performed over the surface of sphere S' of a great radius. The area of 
a sphere element is dS = R 0 2 si n OdOd<j). Taking the ratio of the radiation power to 
the square of the generator current, we obtain the antenna radiation impedance 
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Lr J 4j Ef 2 (SA) R l sin M6. 


K J 2 (0)z„ „ 0 


( 1 . 6 ) 


Let us calculate the electric field in the far region and the pattern of a radiator, 
considering the latter as a sum of simple electrical dipoles (Hertz’ dipoles). The 
field of such dipole of length b with current /, located along z-axis, is 

Eg 0 - j (30kIb/R) exp (-jkR) sin 0. (1.7) 


Here k = corpus is the wave propagation constant in the surrounding medium, co 
is the circular frequency of the signal, // is the permeability, s = s r s 0 is absolute 
permittivity ( s r is relative permittivity, s 0 is the absolute permittivity of the air). 
The current distribution along a symmetrical dipole with arm length L is 
determined by the expression 


J(z) = J(0) 


sinkp -|z|) 
sin kL 


( 1 . 8 ) 



Figure 1: Field in the far region. 

Setting R = R 0 - z cos 6 (see Fig. 1), / = J(z), b-dz and neglecting small 
quantities, we obtain for the field of the symmetrical dipole 

3Okexp(-jkR o )sin0 L r 

E g = j ----- I J (z)exp( jkz cos 0)dz , 

E ,R<\ i 


(1.9) 
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where R 0 is the distance from the dipole center to the observation point. 
Substituting (1.8) into (1.9), we find 


E o = ./' 


. 60J(0) exp(-yki? 0 ) cos(kLcos9)-coskL 


sin kL 


R, 


sin# 


( 1 . 10 ) 


The last factor of the expression defines the dipole pattern. Substitution of (1.10) 
into (1.6) gives, 


R,= 


60 r [cos (kL cos#)-cos khj 


s , sin kL 


sin# 


46. 


( 1 . 11 ) 


Such method of calculating radiation resistance is commonly known as the 
Poynting’s vector method. If the dipole length is small ( kL ((\), then limiting 
ourselves to the first terms of the function expansion in a series (at small x, 
cos x = 1 - x 2 /2 ), we find: 

R t =20k 2 L 2 /£?.. (1.12) 

For comparatively short antennas (L < 0.3 A , here X is the wavelength), one can 
proceed from the expression 


Rj. =2Qk 2 h;l£ 2 r , (1.13) 

2 kL 

where h e = — tan — is the effective length of the symmetrical dipole. 
k 2 

The next step in the theory of linear radiators was taken in the twentieth century. 
It is known as the induced emf method. But before proceeding to it we shall 
consider the field of the conduction current along a filament and a cylinder. 


1.2. FIELD OF A FILAMENT AND A CYLINDER 


With the Maxwell’s equations written, we face their solution. This simplifies 
essentially, if auxiliary functions are introduced, called potentials. A vector 
potential (an auxiliary vector field) is introduced by comparing the second 
equation from (1.3) with the mathematical identity 
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divcurlA = 0, 

where A is an arbitrary vector. This comparison shows that vector B can be 
represented as a curl of some vector A : 

B = curlA, (1.14) 

Yet, equation (1.14) is an ambiguous definition of vector ,4. To define it 
unambiguously, one should also specify quantity divA. 

Substituting (1.14) into the second equation of the set (1.1) and using the 
mathematical identity 


curl grad U=0, 

where U is an arbitrary scalar function (scalar potential of field), we obtain 
dA 

E = -~ - gradU. (1.15) 

dt 

Substituting (1.14) and (1.15) into the first equation of the set (1.1) and taking 
account of the mathematical identity 

curlcurlA = graddivA - AA , 


we find 

AA - /us - grad (divA + jus ^-) = -jj j . (1.16) 

dt dt 

Let us define now divA to simplify the last expression as far as possible. For this 
purpose, let 


divA = -/us -. (1.17) 

dt 

This equality is known as the calibration condition, or as the Lorentz condition. In 
accordance with (1.16) and (1.17) 
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tsA - is d -^ r = -ju ]. (1.18) 

For harmonic field, varying with time as exponential function exp (/Yu/), the 
equation (1.18) takes the form 

A A + k 2 A = -pj. (1.19) 

The equation (1.19) is called the vector wave equation. Its solution pennits to find 
the vector potential^, and then the electric and magnetic fields of antenna. 
Actually, accordingly to (1.14), (1.15) and (1.19) 

E = —graddivA + k 2 2'j , H = —curlA . (1-20) 

k jil 

If the electromagnetic field sources are distributed continuously in some region V, 
and the medium surrounding the region V is a homogeneous isotropic dielectric, 
the solution of the equation (1.19) for hannonic field appears as 

A = ft J jGdV , (1.21) 

(V) 

where G = exp(-y'kf?)/(4^f?) is Green’s function. 

A similar expression for the scalar potential follows from (1.17), (1.21) and (1.2): 
U = j—\ GdivJdV = — [ pGdV. (1.22) 

COS ^ ^ 

Note that region V, where the electromagnetic field sources are located, may be 
multiply connected (if, e.g. , radiation of several antennas is considered, or metal 
bodies are located close to the antenna). 

Further, consider the special case when the field source is the electrical currents 
that are in parallel to the z-axis in some region V and have the axial symmetry: 


7 = JA > =J : ( Z ) = const(</>) . 


(1.23) 



10 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


Here, the cylindrical system of coordinates (/?,^,z) with unit vectors e , e (/) , e z 
along theirs axes is used. As seen from (1.21), the vector potential in this case has 
component A_ only: 

A = A z (p,z)e z , (1.24) 


i.e.. 


divA = 


dA z 

5z 


,z d 2 A . _ d 2 A . _ 
graddivA = f e o + f e ., curlA 


dpdz 


Sz 1 


dA_ _ 
dp e * 


and in accordance with (1.20) 




k 2 A_ + 


d 2 A z 

dz 2 


,E P {P’ Z ) 


E,=H=H = 0. 


ja> d2 A 

k 2 dpdz ’ 


H AP’ Z ) 


1 dA z 

p dp ’ 

(1.25) 


Obviously, given the distribution of current ,7(z) along the radiator, one can 
calculate the electromagnetic field of the current with the help of the presented 
formulas. If the radiator is excited by a generator with concentrated emf e at some 
point ( e.gz - 0), the antenna impedance at the driving point is 


Z 4 =e/J( 0), (1.26) 

and knowing the current magnitude at the corresponding point is enough to define 
it. When calculating power absorbed in the load of a receiving antenna, the 
current magnitude is needed also. Like that the current distribution along the 
antenna is its important characteristic. 


As a model of a vertical linear radiator, one can use a straight, perfectly 
conducting filament, coinciding with z-axis (Fig. 2a), with conductance current 
J(z) running in it. Current density j is related to this current by 

J( z )=\ l dS , 

(s) 

where S is the filament cross-section. With the help of the relationship we obtain 
from (1.21) and (1.25): 
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E . E 

A z {p,z) = m\ J{s)Gidg , E z (p,z) = -—| J(g) 

L JCOS _ L ^ 


1 'ea + to' 


dz l 


dg. 


(1.27) 


J 


Here G x = exp^-jkR^/^nR ^, distance R l from observation point M to 


integration point P being f(z- gf + p 1 . 


In the considered model, the radiator radius is zero. The model of a radiator 
shaped as a straight circular thin-wall cylinder with radius a (Fig. 2b) has finite 
dimensions. For the current to have longitudinal components only as before, both 
ends of the cylinders are left open, without covers. The surface current density 
along the cylinder is J s (z) = J{z)j{2na ). Since a volume element in the 
cylindrical coordinates system is equal t odV = pd pdtj)dz, and p = ao n the 
cylinder surface, so, in accordance with (1.21) and (1.25), 


A~(P’ Z ) 


L In 

G id<t>dg , e : (p,z) 

-L 0 



d 2 G 2 

'~dz F 


dg . 


(1.28) 


where G 2 = exp( -jkR 2 ) /[AnR 2 ), with distance R 2 from observation point M to 

integration point P being ^( z - g f + p 2 + a 2 - 2ap cos (f>. In particular, if the 
observation point is located on the radiator surface, 
R 2 = yj(z-gY +4 a 2 sin 2 (^/2) . 


Sometimes the dipole model shaped as a filament with finite radius a, i.e., 
expression (1.27) is used for^f_ andiif, but distan ce R i from the ob servation point 
to the integration point is believed equal to R 3 = \j(z - g f + p 1 + a 2 . 

Obtained expressions for the vector potential and the vertical component of the 
electrical field strength produced by different models of a radiator confirm the 
stated above assertion on the significance of the current distribution along the 
radiator. An assumption that this distribution has sinusoidal form played a great 
role in the antenna theory. This was based partly on measurements results, but 
mainly on a simple thought, that the current distribution along conductors of two- 
wire open-end line does not change when the conductors are separated from each 
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other by moving them apart. Later on, upon derivation and solution of integral 
equations for currents in radiators, the sinusoidal distribution was shown 
rigorously to be the first approximation to the true current distribution. Thus, its 
use is quite founded. 



Here the sinusoidal distribution is implied to be a sinusoid with any phase. In 
particular, the current at the dipole or monopole end, farther from the generator, is 
equal to zero. In this case there is an obvious sinusoid - see (1.8). The current 
distribution along a folded radiator has an antinode of standing wave at the end, 
z. e ., the current follows the cosine distribution law. 


For a perfectly conducting filament used as a model of a symmetrical radiator, in 
accordance with (1.28) 


i L 

- \ J (s) 

An jcos J 0 


' 2 . ^ 


r+- 


& 2 


exp {-jkR ) exp (~jkR + ) 


R 


R, 


dq . 


E, = 


(1.29) 
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This expression takes into account the current symmetry in radiator arms, 
accordingly the substitution of variable g for -g is performed at the lower arm, 

and designation is used: R + = J[z + gf + p 1 is used. Since 

dR __dR dR + _ 8R + d^R_ _ &R d 2 R + _ d 2 R + 

dg dz ’ dg dz dg 2 dz 2 ’ dg 2 dz 2 

then 


r( A 92 

Anjme | [g) dg 2 _ 


exp (~jkR + ) 
R + 


Anjcos{ v R R + 


Integrating the first tenn of the expression by parts twice, we find 




4 njcos J 0 dg 


d 2 J(g) 


+ k~J ($•) 


exp {-jkR) | exp (~jkR + ) 
R R, 


, rf \ d [ ex P(-J kR ) , exp(-yM + )] u dJ (g)\ exp(-jkR) exp(-jM + )] u , n 
[g) dg[ R R + \\° dg l R R + Jl° 1 * 

If the current along the radiator is distributed in accord with (1.8), the first factor 
in the integrand and hence the first term of the expression are zero. It is easily 
verified that the second summand is zero too, since the first factor becomes zero 
at g = L, and the second factor vanishes at g = 0. Taking a derivative of the 
current distribution’ function 


^M = _t/( 0 ) cost h-M) rig „ z 

dg sin kL 


(here signz means sign of z), we obtain, with the account of kj{ ) = 30 : 


E _ 30J(0) r exp(- 7 M 1 ) | exp(- 7 M 2 ) 2cqg/ ^ exp(-y^,) 

s r sin kL R } R 2 R (j 


(1.31) 



(z + Z) + p" , R 0 - 



are the distances 


from observation point M to the upper end, to the lower end and to the middle of 
the radiator, respectively (see Fig. 2a). 
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Let us present without proof two components of the electromagnetic field for a 
straight filament: 


E P = J 


30/(0) 


p J £ r p sin kL 

A o) 


(z -L)exp( -jkR \) (z + L)exp(-jkR 2 ) exp(-./M 0 ) 


R 


R, 


R„ 


H,=j 


\ns r p sin kL 


[expf-y/c/^ ) + Qxp(- jkR 2 ) - 2 cos kL exp(- jkR u ) . (1.32) 


The rest of components are zero, see (1.25). 


If the model of a symmetrical radiator shaped as a straight circular cylinder is 
used, it is necessary, when calculating the field, to proceed from expression 
(1.28). We obtain instead of (1.31): 


E z =~j 


30/(0) 

2 ns sin kL 


In 


exp(-/M,) exp (~jkR 2 ) _ ^ exp(-/M 0 ) 


R 


R, 


R n 


d<f) , (1.33) 


where 


R { = y(z-Z) 2 + p 2 + a 1 -2apcost /)', R 2 = y(z + /)" + p 2 + a 2 - lapcost /)', 

+y 0 2 +a 2 -lapcostj)'. 

Such great attention is paid to the sinusoidal distribution of the current along the 
radiator because the induced emf method is in particular based on this distribution. 

1.3. INDUCED EMF METHOD 


The induced emf method was proposed in 1922 by Rojansky and Brillouin 
simultaneously. Klazkin was the first to use it for radiator calculation. Later on, 
Pistolkors, Tatarinov, Carter, Brown et al. contributed to its development. 
Reference list in the eBook [7], which generalizes the literature results of applying 
the method, consists of 96 items. 

The induced emf method allows determining both the active and reactive 
components of the antenna input impedance. Since the active component can be 
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calculated with a similar accuracy by a much simple Poynting’s vector method 
(see Section 1.1), the induced emf method, as emphasized in [8], is actually for 
practical purposes one of those for determining input reactance of antenna. 

The induced emf method is constructed in the following manner. A radiator is 
surrounded with closed surface, and a complex power passing through this surface 
is found. The calculation is performed proceeding from the sinusoidal distribution 
of the current along the radiator. Further the power is assumed to be equal to the 
complex output power of an emf source (generator). 

Let the closed surface be a cylinder of height 2H and radius b, with a symmetrical 
radiator - dipole (Fig. 3) located along its axis. The power flux density, outgoing 
from the volume, bounded with the closed surface, is determined by projecting 
Poynting’s vector onto the normal to the corresponding part of the surface: 
S n = [E,H] n - see (1.4). These projections for the cylinder side surface and top are 
given by 

S p =-E Z H;, S z = E p H\ . (1.34) 

The integral of the normal component of Poynting’s vector over the cylinder 
surface is the power radiated by the antenna. Fiere, vectors E and H in contrast to 
the far region, are not in phase. This is easily verified by analyzing the 
expressions (1.31) and (1.32). For this reason the power is a complex quantity, 
i.e., it has both active and reactive components. 

Let us combine the close surface of the cylinder with the radiator surface, i.e., we 
shall assume that f/ = L , b - a . At a small radius of the radiator, the power fluxes 
passing through the cylinder top and bottom are small. If the radiator is a thin 
filament of radius tending to zero, the integrals over its upper and lower bases 
vanish. If the radiator is shaped as a circular cylinder of finite radius, the selected 
integrals tend to zero too, since the longitudinal current into the cylinder 
attenuates quickly, i.e., the tangential component /yf of magnetic field on the both 
ends at p < a is close to zero. 

Therefore, the power passing through the closed surface is detennined by 
integrating over the side cylinder surface only: 
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L 2 k 

P = ^ dz^ S p ad(f>, (1.35) 

-L 0 

where quantity S is found from (1.34) and is independent of coordinate <f>, since 
the electromagnetic field components depend on (f> neither. As //* = J (z)/(27ia ), 
so 

L 

P = -\ E : J*(z)dz. (1.36) 

-L 

Current j(z) is excited by a sole generator located at the radiator center. The 
power of the generator is 

P = |/(0)| 2 Z 4 , (1.37) 

where Z 4 is the complex input impedance of the antenna. Equating the power of 
the emf source to the power passing through the closed surface, we find 

Z l =- r ^- I \EJ'(z)dz. (1.38) 

k(°)l i 

The expression (1.38) reveals the essence of the induced emf method. Another 
variant of the expression derivation is described in [9] and [10]. It proceeds from 
the equality to zero of the tangential component of the electrical field on the 
perfectly conducting surface of radiators. Both variants are based on the same two 
theses. The first thesis assumes the sinusoidal character of the current distribution 
along the radiator. The second thesis signifies the equality of the source complex 
power and the complex power passing through the closed surface. 

Indeed, the expression (1.38) is useful only in the case of current distribution 
J ( z) along a radiator being known beforehand. If the current behaves 
sinusoidally, according to (1.8), one can find field magnitude E_from (1.31) or 
(1.33) depending on the selected model of antenna and then perform the 
quadrature (1.38). The selection of a distribution law of the current along a 
filament or a thin-wall cylinder may be based on a solution of integral equations 
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for the current, L e ., on a rigorous solution of the problem. No physical base for the 
selection of another distribution law exists. Hence, there is no sense in speaking 
about the accuracy of the induced emf method proper, excluding artificially the 
error caused by the inexact current definition. The accuracy of the induced emf 
method is the combined accuracy of the formulas (1.8) and (1.38). 



Figure 3: To calculation of power, radiated by the antenna. 

As calculations show, one generator cannot create the sinusoidal distribution. 
Therefore, the applicability of expression (1.38) depends on how close the 
sinusoidal distribution is to the true current distribution along the radiator. The 
experience in calculations shows that (1.8) give quite an acceptable 
approximation, if L/A < 0.4 . Therefore, the first thesis is questionable, because it 
is of an approximate nature. 

As to the second thesis, its inapplicability is obvious, since the reactive power has 
no physical sense, and the input reactance of antenna is detennined as a result of 
equating two quantities, which have no physical sense. Equating two such 
quantities cannot be justified. 
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Nevertheless the induced emf method entered the antenna engineering in triumph 
and allowed solving many problems. Experiments confirmed constantly the 
accuracy of these solutions. As a rule, rejection of the sinusoidal distribution in 
solving new problems, where, e.g., wide plates of an irregular shape are used, did 
not agree with the results of calculation and experimental testing. Calculations 
show that such distributions very often were in agreement with the physical 
contents of problems. 

In spite of the triumphal procession and wide employment of the method, 
evidence of its inadequacy grew gradually. The rigorous solution of problems 
with help of integral equations gave results close to those using the induced emf 
method. They were close not only numerically, but in the explicit form, i.e., in the 
form of an aggregate of familiar (tabulated) functions. In particular, the solutions 
of the equation of Hallen [11] and Leontovich-Levin [12] for the thin linear 
radiator give results similar to those of the induced emf method. The results are 
similar, but not completely identical. 


Kontorovich’s article [13] of 1951 quoted the expression for the input impedance 
of the same radiator obtained in accordance with the reciprocity theorem. A 
similar procedure based on the reciprocity theorem is described in [14]. In the 
expression, the complex conjugate quantities are absent: 


Z 


A 


1 

Z(o) 


J E_J[z)dz. 


(1.39) 


This called “the second formulation of the induced emf method”. The name “the 
first formulation” was given to the formula (1.38). 

Unexpected results are obtained in application of the first fonnulation. 
Substituting k = k x + jk 2 for quantity k in the solution, where k 2 Uk x , in order to 
calculate losses in metal wires, we obtain a negative resistance. A similar 
constitution used in the second fonnulation gave a positive value of the resistance 
loss and confirmed correctness of the second fonnulation. Comparing stability of 
both formulations against small changes of parameters, one can show that the 
second formulation is stable, while the first one is not. 
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The oscillating power theorem [15] proved by Vainshtein allowed explaining the 
difference between two formulations. 

Two formulations of the induced emf method are the result of symbolical method 
use. In the electromagnetic theory, great attention is paid to signals, varying with 
time according to the sinusoidal law (monochromatic signals). When analyzing 
such signals, the instantaneous value of a quantity in form of cosine function is 
replaced by exponential one in accordance with expression 

a (7) = A cos (cot + t/> a ) = Re[Aexp(yntf)j , (1-40) 

where A and <f> a are the amplitude and phase of cosine function, A = A cxp(/7) is 
the complex amplitude. Proceeding from (1.40), quantity a(t) in the equation is 
replaced with quantity A , with the correctness of such replacement depending on 
equation linearity and requiring a check in the case of product of two 
instantaneous values. 

As known, energy characteristics are defined by a product of two physical 
quantities: see, for example, expression (1.4) for Poynting’s vector. Strictly 
speaking, it is a product of two instantaneous values. Such product consists of a 
constant quantity equal to the average value for the oscillation period and an 
oscillating quantity, time-varying with double frequency. On the side surface of a 
vertical cylinder, 

^(')A.+V a- 41 ) 

The average value is equal to the real part of a product of two complex 
amplitudes: the complex amplitude of one quantity and the complex conjugate 
amplitude of another 

s„= Re [-£,#;]. (1.42) 

The oscillating quantity amplitude is equal to the absolute value of product of two 
quantities. These are the complex amplitudes of two physical quantities: 
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Recall that the complex amplitude corresponds to the effective value of a 
sinusoidal quantity, i.e., the absolute value of complex amplitude is smaller than 
the amplitude by a factor of -Jl . 

It is from here that the physical sense of the first and second summand in the right 
part of (1.41) follows. The first summand is the active part of the power flux equal 
to its average value. The second summand is the oscillating power flux. Reactive 
part Jm ^-E_H* ] of power flux has no physical sense. 

In accordance with the energy conservation law, the active output power of the 
source, i.e., its average value over an oscillation period is equal to the active power 
passing through the closed surface. It is natural to consider that the power equality is 
valid at any time instant, i.e., the oscillating part P K o f the source output power is 
equal to the oscillating part of the power passing through the closed surface. But 
such assumption for the reactive power cannot be considered well founded. 

On the one hand, the complex amplitude of the oscillating power passing through 
the side cylinder surface of symmetrical dipole (Fig. 4a) by analogy to (1.36) is 

L 

= - J E__(j)j(z)dz. (1.44) 

-L 

On the other hand, the complex amplitude of oscillating power produced by one 
generator by analogy to (1.37) is 

P K =eJ{<S) = J 2 (<d)Z A , (1.45) 

where e is the emf of the generator. By equating right parts of the expressions, we 
come to (1.39), i.e., we obtain the second formulation of the induced emf method. 
As it was shown here, this is derived easily from the energy relationships, if one 
uses the notion “oscillating power”. It is worth emphasizing that the second 
formulation is derived rigorously, while for derivation of the first one requires 
using the notion “reactive power”, that has no a physical sense. 

Nevertheless, it should be admitted that both formulations are valid, and upon 
substitution of the sinusoidal current distribution, yield the same results for a 
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linear metal radiator situated in a lossless medium. For the same radiator in loss 
medium, when the propagation constant of the wave along a radiator is a complex 
quantity, the first formulation is not valid. A similar situation takes place in 
calculations of losses in the antenna wires, which are due to skin-effect, and in 
calculations of losses in a magnetodielectric sheath. 

One can obtain the integral expression (1.39) by means of the modified method of 
solving Leontovich-Levin integral equation. The modified method of solving the 
equation allows obtaining integral fonnula for the radiator input impedance. As it 
was shown by author, the expression (1.39) is valid, if the feed point z = h does 
not coincide with a node of the current: 

J(h)* 0. ( 1 . 46 ) 

If the condition does not hold, then the input impedance is 

Z 4 =- -J- - . ( 1 . 47 ) 

2/(/*) + —J E_ (J)J(z^dz 

e -i 



Figure 4: Symmetrical (a) and asymmetrical (b) dipoles. 
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The last expression permits to arrive at finite values of the input impedance at the 
points of parallel resonance and close to them. The induced emf method fails at 
the problem. 

1.4. APPLICATION OF THE INDUCED EMF METHOD TO 

COMPLICATED ANTENNAS AND TO ANTENNA SYSTEMS 

One can use the induced emf method to analyze more complicated radiators. For a 
radiator with a feed point displaced from the radiator middle to point z-h (Fig. 
4b), the oscillating power flux through the side cylinder surface by analogy to 
(1.44) is 

L 

P K =-J E z (j)j(z)dz. (1-48) 

-L 

The oscillating power produced by one generator by analogy to (1.45) is 
P K =eJ(h) = J 2 (h)Z A . (1.49) 

By equating the right-hand parts of the expressions, we come to 

Za =--j^~) J E : (J)J(z)dz . (1.50) 

Note that the expression differs from (1.39) not only in the denominator, but also 
in current J(z) distribution along a radiator and in field E, (,/) of their current. 

In the case of a radiator with nonzero surface impedance, one should substitute 
difference E_{j')-H l Z(z') for£,(./) in (1.39). HereZ(z)is the surface 
impedance, i.e., the impedance of the square surface section with a side one 
centimeter long. Actually, in accordance with the boundary condition on the 
radiator surface, it is necessary to take into account that a voltage drop across the 
radiator proper makes no contribution to its radiation. Then for an antenna with 
constant surface impedance Z (Fig. 5a) shaped as a straight circular cylinder with 
radius a we find 
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Z A =-^—AlE,\ J )-ZJ(z)l(lna)\j(z)dz. (1.51) 

lf// = 0, current distribution J (z) coincides in the first approximation with the 
current distribution along an open-end impedance long line: 

J(z) = J(0)sin£, [L-\z^jjsmk x L . (1-52) 

Here k x = Jk 2 - j 2k/Z /( aZ 0 ) is the propagation constant of a wave along the 
line, x is a small parameter of the thin antenna theory, used in [12] (it is equal to 
X = 1/Cl , where Q is the parameter, used by Hallen [16]). 

For a symmetrical radiator with piecewise constant surface impedance (Fig. 5b) 
one can write 

IN b m 

Z, =-l/(4)S I [TM-ZA.U)/(2m)y„U)dz, (1.53) 


where m is the segment number, 2N is the total number of segments, Z m is the 
surface impedance on the /nth segment. Current distribution^ (zj on the each /nth 
segment is sinusoidal. Current distribution ,/ (zj along the radiator coincides in 
the first approximation, if h - 0, with the current distribution along an open-end 
stepped impedance long line: 


J (z) = I sin (kz +6 ), b xl < z <b , 

m V / m \ m m t m / ’ m +1 m 9 

where 


L = A J ( 1 0)» An = El sin /I! sin ( k P l P + t P )> 

p=m+\ / p=m 


tan 1 1 

-^-tan 

k ./ . +tan 1 ( tan 

1 

> 

> 

+ 

+ 

r-K 

P 

3 

(k \ 

— tan k,l. 


k , 

m- 1 

m— 1 m— 1 \ 7 

\ k 9 

\ m —2 

m—z m—z 

k 


(1.54) 



In these expressions z m = b m - z is the coordinate along the /nth segment, k m is 
the wave propagation constant along the segment, and l m is its length. The 
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expressions are valid for the Mh segment too, if one considers that the product 

N 

[ ] is equal to 1. 

p=N+\ 

In the case of a radiator with one lumped load Z x located at point z = z x (Fig. 6a) 
the power is firstly radiated by the antenna: 

L 

P KI = - J E : (J)J ( z)dz , (1.55) 

-L 

and, secondly, the power is wasted in the complex load: 

P K2 =J 2 {z x )Z x . (1.56) 



Figure 5: Antennas with constant (a) and piecewise constant (b) surface impedances. 
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The oscillating power produced by the generator is equal to the sum of these 
powers: 

PK=T(h)Z J = P K ,+P K2 , (1.57) 


that is, 


Z 


A 


1 

Tfh) 


L 

| E z (J)J(z)dz-Z l J 2 (z l ) 


a) 


-j 


A 


Q-f 




b) t z 



(1.58) 



Figure 6: Antennas with one (a) and several (b) lumped impedances. 


For several loads Z n located at points z = z n of the asymmetrical radiator (Fig. 

6b) 


Z,=- 


J ! (0) 


Mi N 

n n=l 


(1.59) 
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Free terms in (1.58) and (1.59) are proportional to the current squared and the 
magnitude of the lumped load. It is worth emphasizing that the connection of 
loads changes the current distribution along the radiator and the field of the 
current. 

For a folded radiator (Fig. 7a), which is an example of an antenna consisting of 
several parallel wires, we obtain 

Z A =-^\E : {J)j(z)dz. (1.60) 

J s -L 

Here J is the generator current, J (z) is the total current of an antenna. The 
current distribution along the antenna wires coincides in the first approximation 
with that along the wires of an equivalent long line and is found with the help of 
the theory of electrically coupled lines. Generator current J g of a closed folded 
radiator is not always equal to total current J {z) at z = 0. If the radiator is 
opened at point A, J g = /(0). When calculating the field, it is necessary to use 
the total current, i. e ., the sum of the currents of both wires. 

Multi-radiator antenna, which is shown on Fig. 7b, is an example of a radiator 
consisting of wires with different length. The antenna contains the central radiator 
with complex load Z, and side radiators situated around it and connected with it at 
the base. In this case, one can find the antenna input impedance from (1.58). The 
current distribution along the antenna wires is found with the help of the theory of 
electrically coupled lines. The equivalent line (Fig. 7c) consists of three wires. The 
first wire is equivalent to the central radiator, the second wire is equivalent to the 
system of the same side radiators, and the third wire is the ground. 

Since the wires of the equivalent line have the different length and the complex 
load is connected in the central radiator, the line should be divided into three 
segments. The segment numbers m are shown on Fig. 7c. Using the boundary 
conditions at the segment ends, one can find the current of each wire and the total 
currents along the segments. Function J(z) is continuous in the entire interval 
0 < z < /jand behaves sinusoidally on each segment. But its derivative dJ{z)jdz 
has a jump on the boundaries of the segments. With allowance for the derivative 
jump we obtain instead (1.31): 
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E 15 j2exp(-/M 0 ) dJ (0) 


R n 


dz 


exp ( -jkR l i) exp (~jkR u ) 
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dJ (/j) 


dz 
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+ 
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exp ( r jkR m i) + exp (~jkR m2 ) 


R 


R 


dJ{l m + 0) d/(/.-0)' 


dz 


dz 


( 1 . 61 ) 


}> 


where R 0 = sja 2 +z 2 , i? ml = yja 2 + (l m -z) 2 , i? m2 = +(/,„ +z) 2 ; a is the 

radiator radius at point z, and dJ(l m +0)/dzn dJ(l m -0)/dz are the derivative 
values on the right and on the left of point z = l m . 


As noted in Section 1.3, the induced emf method does not pennit to arrive at finite 
values of the input impedance at the points of parallel resonance, where J(h) = 0 , 
and near these points. A modified method for solving the Leontovich-Levin 
integral equation allows using the expression (1.47) in this case. One can obtain 
similar expressions for more complicated radiators as well. For example, for a 
radiator with N lumped loads and with the feed point displaced to point z-h, the 
input impedance is 


2 J(h)+- 


fE,(J)J(z)dz-£Z,J 2 (z.) 

-T n =1 


These formulas expand essentially the scope of the method. The comparison of a 
commonly used expression with the integral equation solution confirms as a rule 
this result. 

So far, the subject of discussion was using the induced emf method for calculation 
of the radiator input impedance. Yet, this method is applied widely also to solving 
another problem -the estimation of the mutual influence of radiators by means of 
calculating their reciprocal impedances. 

The analysis of two-radiator system is based on the fact that the current of one 
radiator establishes the field, which has the electrical component tangential to the 
surface of the second radiator. This component induces the field E g (J l ')dg on 
element dg of the second radiator. For the boundary condition E _ = Oto hold on 



28 The Theory’ of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


this surface, the self-field of the second radiator on its surface must be equal to 
-E g (j, }dg. Here, the generator of the second radiator must expend the power 

dP = -E (J l )J 2 (g)dg on the element dg and, accordingly, the power 
P = - | E, (Jj) J 2 (g)dg on the entire radiator. Power P is equal to that induced 

~L 2 

by the first radiator in the second one, and its ratio to the squared effective value 
of the generator current determines the impedance magnitude, which the first 
radiator induced in the second one: 


a) 


Jjz)\ 


e© 



Figure 7: Folded antenna (a), multi-radiator antenna with the complex load (b), and the long line 
equivalent to a multi-radiator antenna (c). 


' / 21 ind 



(J l )j 2 {g)dg. 


(1.63) 


The Kirchhoff equation for the second radiator takes the form 

e 2 = J 2 (0)[Z 22 + Z 2Und ] = J 2 (0)Z 22 + /j (0)Z 21 , (1.64) 

^2 

WhereZ 21 E g (j\) f 2 (c)dc is the mutual impedance of the first and the 
second radiatofs, f x (z) = J x (0), f 2 ($•) = J 2 {g)/J 2 (0). One can write a 
similar expression for the first radiator. In the case of Q radiators, it has the form 
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e,=-',(°) z ,,+2X(0) z „- (1-65) 

< 7=2 

The corresponding circuit for the p\h radiator is given on Fig. 8. 

Zpl Zpp Zpq ZpQ 

Figure 8: The circuit of the pih radiator with series connection of elements. 

The expressions presented in this section are given in the accordance with the 
second formulation of the induced emf method. 



The formulas, which allow calculating the mutual impedances of linear radiators 
for the different variants of their relative replacement, are collected in [7]. 

1.5. FOLDED RADIATOR WITH CAPACITOR 

The last section of the chapter is dedicated to the analysis of a folded radiator with 
the load. On the one hand, its electrical performance is not known practically. On 
the other side, it is interesting as an antenna promising for the application of the 
compensation method. 


a) b) c) 



Figure 9: Folded radiators: (a) - with capacitor, (b) - open, (c) - shorted. 

The circuit of an asymmetrical folded radiator with a capacitor is presented in Fig. 
9a. The exciting emf is connected in the base of one wire (of the left wire in Figure). 
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The capacitor is connected in the base of the right-hand (unexcited) wire. In 
particular case, this circuit is converted into two familiar ones. Such folded radiator 
is called an open one, if the gap of the wire occurs at the point of the capacitor 
placement (Fig. 9b). The folded radiator without a capacitor and gap in the second 
wire (Fig. 9c) is called a shorted one. The variant with a capacitor is the general one 
with respect to two others. It permits to analyze an influence of the magnitude and 
the sign of the reactive load on the folded radiator characteristics. 

As is common in the folded radiator analysis, we divide a radiator with a load into 
two radiators (Fig. 10): a circuit with in-phase currents (monopole) and a circuit 
with anti-phased currents (long line). For that purpose, we replace reactive loadZj, 
the voltage drop across it being 

u=(J l -J m2 )Z l (1.66) 

(here, J, is the current in the long line, J m2 is the in-phase current in the second 
wire base), with oppositely directed equivalent emf e x , the magnitude of which is 
u. Directions of emf are shown in Fig. 10 with arrows. 

We divide the input emf e of the radiator to two emfs with magnitudes ae and 
(\-a ) e . The emfs are of the same direction. Also, we divide emf <?, into two 
emfs of the same direction and magnitudes a ] e ] and(l -a l )e 1 . In accordance with 
the superposition principle, the current at point A is the sum of the currents 
created by all generators. Therefore, as shown on Fig. 10, one can divide the 
circuit in question into two circuits, with two generators in each, and then 
calculate and summarize the currents at point A created in each circuit. 
Coefficients a and a { are selected so that the first circuit can be a monopole (for 
this, emfs at points A and B must be equal): ae = a x e x , i.e. 

a x = aeje x . (1-67) 

The second circuit must be a long line (for that, the ratio of emf V n between point 
A of one wire and the ground to input emf V, of the line must be equal to the share 
of the in-phase monopole current in the other wire): 



Theory of Thin Antennas 


The Theory of Thin Antennas and Its Use in Antenna Engineering 31 


y,jv,=Ed 



Figure 10: To calculation of a folded radiator with capacitor. 


Here J m is the in-phase current in the radiator base, which is equal to the 
monopole current; m is the part of the monopole current in the right-hand wire 
(the share of the monopole current in the left wire is equal to p = l-m). Since 
V n = (l -a)e, and V l ={\-a)e-(\-a l ')e l =e-e l ,so 

a = \-m(\-e x /e) . (1.68) 


The current in the long line is J, = V,/Z l =e(l-e l /e)/Z,. Since the monopole 
current is J m = ae/Z m = ( pe + me l )/Z m , the current in the right-hand wire of the 
monopole is J m2 = me(p + meJe)/Z m . Substituting J t and J m2 in (1.66) and 
taking into account thate, = u , we find 


^ = Z y Z ,~P m / Z m 

e 1 1 + Zj (l/Z, + m 1 /Z m ) ' 


(1.69) 


The current in the left-hand wire of the monopole is 

J m x = P J m = pe(p + meJe)/Z m . 


The magnitude of the current in the left-hand wire of the second circuit (the 
magnitude of the long line current) was given earlier. The input admittance of the 
radiator is 
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Yj = La±A = p 
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Substituting ratio e x /e from (1.69) into this expression, we obtain: 
Z m + p 2 Z / + Zj 


Ya = 




/ , 2 VI 

1 m 

Z Z 

1 + Z, 

1 

Z Z 

7 ^1 J J 


(1.70) 


Verification shows that expression (1.70) reduces in specific cases to known 
formulas. If Z x = oo, then 

z, = l/r, = V, (1/2, + ”>7) = Z„, + ,« ! Z,, 

which coincides with the input impedance of an open folded radiator. Here, 
according to (1.69) 


e Je = 


1 /Z,-pm/Z m 
l/Z/ + m 2 /Z m 


( Z m -pmZ,)/Z A , 


i.e.,J m =e(p + rneJe)/Z m =e/Z A ,J ml =pJ m =pe/Z A ,J m2 =mJ m =rne/Z A , 
J l =e(\-e ] /e)/Z l =me/Z A . 

IfZ, = 0 , then <?, = 0 , Y A ={Z m +p 2 Z^j(Z m Z l ')=\jZ l +p 1 jZ m , which coincides 
with the input admittance of a shorted folded radiator. Here, J m = pe/Z m , 
Jm\ ~ P e !Z m i Jm2 = P me !Z m i J / = • 

Connection of the reactive impedance between the second wire and the ground 
was proposed in order to improve the matching of a folder radiator with a cable or 
a generator. The absence of positive results in this case does not rule out the 
possibility of using this circuit in the future. 
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CHAPTER 2 


Integral Equation Method 

Abstract: Integral equations for currents in one and two straight metal radiators with 
exact and approximate kernel and methods of solving these equations with the help of 
an iterative process, perturbation method and Moment Method are considered. Results 
are generalized to the case of radiators with constant and piecewise-constant impedance 
and with lumped loads. The Moment Method with piecewise-sinusoidal basic and 
weighting functions is shown to correspond to the physical content of a problem and be 
equivalent to division of the radiator into isolated dipoles, the self- and mutual 
impedances of which are calculated by the method of induced emf. 

Keywords: Approximate kernel, Basic functions, Boundary condition, Complicated 
structures, Constant impedance, Entire-domain functions, Equation for a system of 
radiators, Equation for two radiators, Exact kernel, Generalized method of induced 
emf, Hallen’s equation. Integral equation for the current, King-Middleton’s iterative 
procedure, Leontovich-Levin equation, Logarithmic singularity, Lumped loads, 
Metal rod with a magnetodielectric coat, Moment method, Perturbation method, 
Piecewise constant impedance, Piecewise-sinusoidal functions, Pocklington’s 
equation, Radiators systems of straight wire segments, Slowing-down, Straight metal 
radiator, Subdomain functions, Weighting functions. 

2.1. INTEGRAL EQUATION FOR A LINEAR METAL RADIATOR 

As shown in Chapter 1, knowledge of the current distribution along a linear 
radiator allows calculating the electromagnetic field and all electrical 
characteristics of the radiator. For this reason the main problem of the antenna 
theory is finding the current distribution. 

Current ./ (z) of a dipole creates electromagnetic field E_ ( J ) satisfying the 
boundary condition 

e M’ z )\-l<z<l + k { z ) = Q- (2-1) 


The cylindrical coordinate system is used here, a and L are the radius and the arm 
length of a dipole, respectively, K (z) is an extraneous (impressed) emf. There is 
no current at the radiator ends: 
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J{±L) = 0. 


( 2 . 2 ) 


Expression (2.1) is the mathematical record of the fact that the total field, which is 
a sum of the extraneous field and the current field, is zero on the surface of a 
perfectly conducting radiator. The extraneous field is specified usually as a 
product of potentials difference e between the gap edges with S -function. 
Quantity (z) = ec)(z) corresponds to the generator connection in the radiator 
middle, at pointz = 0, and K 2 (z^ = eS(z-h) corresponds to its displacement, 
i.e., to the generator connection at point z = h . 


Equality (2.1) contains as in embryo all integral equations of the thin antenna 
theory. The appearance of the equations is detennined mostly by the selection of 
function E_ (/). For example, using (1.27), we obtain Hallen’s integral equation 
for the current along a filament 


j J(()G,dg 



r 

C cos kz + 

V 


^sin k | z 


x 

) 


(2.3) 


where G l = exp(-yM 1 )/(4^i? 1 ) , R x -\z-g\. Using (1.28), we obtain Hallen’s 
integral equation for the current along a straight thin-wall cylinder (the equation 
with exact kernel) 


1 

In 


L 2 n 

l%)Ja d(j)dg 

-L 0 



( 

C cos kz + 

V 


e 

2 


\ 

sink|z| 


(2.4) 


Here G 2 = exp ( -jkR 2 y(4nR 2 j, R 2 = ^j(z-c) +4<:/ 2 sin 2 ^/2 . The integral 

equation for the current along a filament of a finite radius (the equation with 
approximate kernel) became a frequent practice: 


j J(sWs 



( 

C cos kz + 

V 


e 

2 


\ 

sink|z| 


(2.5) 


where G 2 - exp( -jkR 2 )/( AnR ,), R, = ^j(z-g) +a 2 . Constant C in each 
equation is found from condition (2.2). 
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If we substitute filament field £,(,/) into (2.1) in accord with (1.27) and replace 
R { with R ,, we shall obtain Pocklington’s equation [17] 



d 2 G- A 
dz 2 


dg = -jcosK( y z ), 


( 2 . 6 ) 


which is the integral equation for the current along a filament of a finite radius as 
well. 


The first solution of Hallen’s equation with approximate kernel was found by 
Hallen himself and is described in detail in [11]. The solution uses magnitude 
Q = 21n(2Z/a) = \/% as the parameter, in inverse powers of which function 
J(z) is expanded into a series. It is obtained with the help of a successive 
approximation method (iterative procedure) 


J ( Z ) = J 


60Q 


sink(i — |z|) + (z)/Q + A^ 2 (z)/Q 2 

cos kL + B x (Z)/Q + B 2 ( L )/Q 2 +... 


+ ... 


= J 0H (z)/D. + J, H {z)/n 2 +..., (2.7) 


where, e.g., J 0H (z)=j 


60 cos kL 


-sin/ 



’jv.6) 

B\[t) 

Mj’ J w\ z ) J 

cos kL 

sink(Z-z) 


Functions TV, (z) andf? (z) are integrals, which can be expressed in terms of 
integral sines and cosines. 


The iterative procedure proposed by King and Middleton [18] yields more 
accurate result. The common expression for the current in it is similar to (2.7), but 
expansion parameter Q is replaced with'F. For example, zero approximation 
instead of J 0H (z)/Q is given by 


J »“ (z) / T=y 60 T^i Sin d i -H)' 


To find expansion parameter 'F , magnitude i//(z) is used. This is calculated as 
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For 'P, the value of iff (z) at point z = z m , where the current is at the maximum or 
close to it, was taken, i.e., 


t= M 0 ), kL<n/2, 

\y/(L-A,/4),kL > njl. 

Such selection of the expansion parameter is caused by the fact that function 
ip(z) is proportional to the ratio of vector potential A z (z) at point z on the 
antenna surface to current J(z) in the same cross-section. For that reason, 
function i//(z) varies slowly along the antenna, or rather, it is almost constant 
except for free ends. 

Leontovich-Levin equation [12] played an important part in the progress of the 
thin antenna theory. In accordance with (1.28), vector potential A_(p,z) of the 
field produced by the current along a straight circular thin-wall cylinder is 

2 K 

A : (p,z) = AL\T(z,<f,)d f I, (2.8) 

0 

where 


T(z,<t) = j 


J(c)cxp(-jkR) 


R 


dq , R = J(z-qy + p 2 , p l =^Jp 2 + a 2 - lap cos (j). 


Integrating T(z,^) by parts and using successively the circumstance that the 
radiator radius is small in comparison with its length and the wavelength, i.e., 
neglecting the terms of order of ka and a/L and keeping the terms proportional to 
the logarithm of the quantities, we obtain: 


T{ z ,<t>) = -2J(z)\npp l - J exp(-jk\q-z\)sign(g-z)ln2p\g-z\ 


dJ(g) 

dg 


~ jkJ (?) sign ($"--) 


dg ' 


where p is a constant having the dimension of inverse length. Since at p > a 

2 n 2 k 

J In pp x d(j)= J In (psjp 2 +a 2 - la p cos <fr)d<fi = In In pp , 
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so, in accordance with (2.8) 


4 (a*) = j^\r 2J (z)fopp+v(J,z )\, 


where 

L 

V ( J,z ) = J exp(-j'A:|^ : -z|)ln2/>|z-^|[ jkJ (^g^ + sign[z-g^dJ[g)/dg~^Jg. 

-L 


Substituting 4 (a z ) into the first equation of the system (1.25) and setting p 
equal to a, we find: 


E z (a,z) = 


1 


4^- jcos 


x 1 

(d 2j , 2 ^ 
- y + k J 

d 2 V ,. 

+ y + k V 


K dz j 

dz 2 


(2.9) 


Here^ = -1/(2 In pa) is a small parameter of the thin antenna theory. For 
constant 1/ p , one should choose the distance to the nearest inhomogeneity, i.e., 
the smallest of three quantities: wavelength 2,, antenna length 2L and the radius R c 
of its curvature. In case of a straight radiator, the length of which does not exceed 
the wavelength, one can consider that Up = 2 L, i.e., 

Z = \/[2\n(2L/a)]. 


From (2.1) and (2/9), we obtain the wanted equation 


d 2 J 

dz 2 


+ k 2 J = -z 


A7lja>£K( y z) + 


d 2 V 

dz 2 


+ 



( 2 . 10 ) 


The equation has along with the terms, which contain the exciting emf, the current 
and the current derivative, the integral item, depending on the current distribution 
along the conductor. It is the additional emf taking the radiation into account. 

The meaning of these manipulations consists, firstly, in the separation of a 
logarithmic singularity: integral F(J,z) is a continuous function everywhere 
unlike the original integral (2.8). Secondly, argument tj) is absent in both parts of 
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the equation (2.10) in contrast to the equation (2.4), since the integration with 
respect to (j) has been accomplished here. Nevertheless, the equation was derived 
for the current along a straight thin-wall cylinder and is equivalent to the Hallen’s 
equation with exact kernel. 

Solving the equation (2.10) in [12] uses the perturbation method, i.e., the solution 
is sought as expansion into a series in powers of the small parameter /: 

J(z) = J q (z) + xJ 1 (z) + x 2 J 2 {z) + ... (2.11) 


Substituting this series into the equation (2.10) and equating coefficients of equal 
powers of/, we come, in the case of an untuned radiator (when J 0 (z) = 0), to the 
set of equations: 

d +k 2 J l {z) = -4xjo)£K(z), J l {±L) = 0, 


d2j „ ( z ) 

dz 2 


+ ^J„ (z) 


d 2 V(J„_ lf z ) 


dz 2 


+ k 2 V(J n _ l ,z) 


,J„(±L) = 0,n>l. 


( 2 . 12 ) 


In [12], the equations (2.12) are solved in the second approximation with respect 
to /, and the expression for the antenna current is given at point z = 0. If one uses 
this procedure and to calculates the current at an arbitrary point of the radiator, 
then at / = l/[21n(2Z/a)] (another small parameter was used in [12]: 

/j = l/(24n ka )), one can obtain [19]: 


J i { Z ) = J 


60 cos a 


-sin(< 2 -t), J 2 ( z ) 


e® 2 ( t,a) 
120 sin 2a cos a 


(2.13) 


Here, t = kz, a = kL, 


= sin (a + r) 


0 2 ( t,a ) = 

C + In2 (« - 1) - Ei [-y'2 (a - 1)] + e J 
Ei(-j4a)-Ei[-j2(a+t)J) + e~ i2a ln[(a+ ?)/(2a)] 


J 2 a 


1 + 
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+ sin 


(i a-t)< 


|^C + In2(a + 1 ) - Ei [-y'2(a + t)] + e j2a (-y'4a) - Ei [-y'2(a - 
\e~ ila ln[(a-?)/(2a)] 

-2 cos a sin (a + 1?|) je 7 " [isz (-y'2«) - Ei[-j2 |t|) J + e~ ja In ( t/a)\ - 
-2 cos a sin (a - 1?|) |e y " ^Ei{-j2a) - In (2 /a 2 /t'j J + e~ Ja [in 2ya - Ei (-y'2 [|)J 


+ 


and Inf = C = 0.5772... is the Euler’s constant. As easily verified, the current in 
the first approximation with respect to/ follows the sinusoidal law (1.8) and 
coincides with the zero approximation obtained as a result of the solving Hallen’s 
equation: 


J\ ( z ) — ^oh ( z ) • 


If one uses the formulas presented in [11] for the summands of the function 
J m (z) and the equation (2.13), one can show that 

^2 ( Z ) = J\H ( Z ) ' 

Therefore, the approximation number is a magnitude, conventional to some 
extent. 

The input impedance of the antenna in the first approximation in accordance with 
(2.13) is 

Z M = -/60^ ' cot kL . (2.14) 

It has the reactive component only, and quantity 60// is equal to the wave 
impedance of the equivalent long line. 

2.2. INTEGRAL EQUATIONS FOR TWO RADIATORS 

Generalizing the Leontovich-Levin equation, one can write similar equations for 
the currents in the system of several radiators, i.e., in an antenna array. Consider 
two parallel symmetrical radiators of different lengths, displaced axially relative 
to each other (Fig. 1). Starting from (1.25), if electrical currents J, (cr) and 
J „ (c) of circular frequency co run along the radiators, they create the field 
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T7 • 60 

e * = ~ j ¥ 


k 2 A. + 


d 2 A : 

8z 2 


(2.15) 


In accordance with the superposition principle 

A. = A,, + A , 2 ... 

Each radiator is modeled as a straight thin-wall circular cylinder with radius a { 
and a 2 , respectively. The vector potential of the field created by the current of the 
cylinder is calculated with the help of (2.8), and distances R x and R 2 from the 
observation point with coordinates (p t , (f) n , z) to an integration points (a x ,(j),c r) 
and (a 2 ,y/,g) are calculated in accord with the explication to this expression. 



Figure 1: Systems of two parallel radiators. 

If the observation point is situated near the first radiator surface, then at 
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where d is the distance between radiators, one can set: 


4-2 = 


j±_ 

4 71 


h+L) 


| d u (g)exp(~jkR 2 )/R 2 dg, R 2 = sj(z-gf + d 2 . 


h-L 2 


(2.17) 


Vector potential A zl , as in the case of an isolated radiator has a logarithmic 
singularity at small p x , the separation of which gives 


4,(<i„z) = ^[^ [ J,(z) + F(J„z)], (2.18) 

where ^ = l/[2 In (2Zj/°i)] is a small parameter, and V ( J,,z) is the integral, 
expression for which is presented in Section 2.1. Vector potential A zl has no such 
singularity, since, if the assumption (2.16) is valid, quantity R 2 is not small at any 
g: R 2 >d-p x -a 2 . Accordingly the tangential component of the electric field 
created by current J 1 contains a large quantity on order of/, 1 : 


E z (d r ,a x ,z') 


1 


-i 


4 njoos 


Zi 


d 2 J 2 (z) 


dz 2 


+ k 2 Jj (z) 


+ 


d 2 V(J n z) 


dz 2 


+ k 2 V(J 1 ,z)\, (2.19) 


and field E_ (J in a v z) created by current/^ of the second radiator on the surface 
of the first one contains no large summand for reasons given above. 


A boundary condition, similar to (2.1), must be met on the surface of the first 
radiator, 


E z {^dj , ci x , z) + E z ( du , ci x , z) 


-E<z<e (z) 0, 


( 2 . 20 ) 


where K 2 (z) is an extraneous (impressed) emf. Substituting (2.19) into (2.20), we 
obtain the equation for d 2 (z): 


d 2 d 2 (z) 


dz 2 


+ k 2 d 2 (z) = -4 jcjcoexi [_K I {z) + W(d,,z) + E : ( d n , a x , z)] , 


( 2 . 21 ) 


where 4 njcosW (4’ z ) = d 2 E{d,, z )ldz 1 +k 2 V(Jj,z ), and d { (±L,) = 0. 
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The right part of this expression contains three summands in square brackets: the 
first one is the exciting emf, the second one is emf taking the radiation into 
account, the third one is emf due to the influence of the second radiator. 

While solving the equation (2.21), we represented the currents J, (z) and J „ (c) 
in the fonn of series in powers of small parameters X\ and % 2 ■> respectively. Since 
functionals W(J,,z) and E z (j II ,a 1 ,z) are linear, they can also be represented in 
the form of a similar series. If X\ and;^ 2 have the same order of smallness: 


Zi ~ Z 2 . 


( 2 . 22 ) 


then the equation (2.21) reduces for untuned radiators to the set of equations, 
which is a generalization of the set (2.12), written for a single radiator: 


d J J'( Z h k 2 J n (z) = -AnjasK, (z), J n (±1,) = 0, 


d2j ,„ ( z ) 

dz 2 



r 

( \ 

n -1 

+ k 2 J In (z) = -\njcos 

i 

+ 


E z (J n ^) 


\ X\ j 


,J In {±L 1 ) = 0,n>l. 


(2.23) 


As it follows from the first equation of the system (2.23), with the radiator excited 
by concentrated emfA / (z) = e 7 c)(z), the current in the presence of the second 
radiator also is of a sinusoidal nature in the first approximation: 

(2.24, 

Ifn > 1, then, in accordance with (2.23), using the method of variation of 
constants and considering that quantities W {.J, n _ } ) and E u ( J n n , j are known, 
we obtain 


X"J,n i z ) = J 30s ^ 2kL | sin k ( Z ‘ +Z )S [ W 1 ) + E a [xV J „, n - 1 )] sm*(A - <t )da + 

z 

+ sin k(L t -z) J \Wi,n-x) + E „(xVJn,n- 1)] sin^(l, +cr)d(j }. 


(2.25) 
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Find quantities W( Z " 'J,„ ,), by substituting the first terms of the series for 
current J : (z) into the expression (2.19): 

E z ( Xx J n ) = -K I (z) + W( Zl J n ), 

E,(xU„) = (zEE,,-,)+W(zU„),n > 1 . 


i.e., 


S z:e. \=-k,(z)- e . 


V m =1 


f n -1 


II,m 


\m =1 




(2.26) 


Replacing n in (2.26) with (n-l), calculating quantity W{x" l J In ,) with the 
help of the resulting expression, and substituting it in (2.25), we find the nth term 
of the current series. In particular, if n = 2, 


Xi J n ( Z ) = y ’ 30 si n 2 ^ Y in Kh + z )\[^,{^) + E a {Xi J n) + E a {X2 J m)^k( L l -a)dc7 + 

z 

+ sin k(L t -z) J [_K, (a) +E i7 (z 1 J n ) +E iT (z 2 J ln )] sin k^L t +a)da }. 


(2.27) 


The equation (2.27) allows finding the second term of the series for the current at 
any point of the first radiator. For this purpose, as it follows from (2.27), it is 
necessary to calculate the fields of the currents, found in the first approximation. 
From (2.27), one can see also that, as a matter of course, the magnitude of the 
second term of the series depends on the geometric dimensions of the second 
radiator and on the relative position of radiators. In the general case, the 
expression (2.25), after substituting quantity W (xT'^r n -\) ' n if permits to find 
the nth summand, if the currents of both radiators are known in (n-l )th 
approximation. 

From the set of equations (2.23), it follows that, when calculating the second and 
higher terms of the series, one can consider that the current of the first radiator is 
concentrates on the axis. Also, according to (2.17), one can consider that the 
current of the second radiator is concentrated on the axis. And the accuracy level 
accepted in derivation of the equation (2.21) (accuracy on order of ajL { ) is 
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retained. The circumstance simplifies essentially calculations by recurrence 
formula, connecting nth and (n- \ )th summands, since it allows calculating the 
field of a series term as the filament field. As a result, the calculating the second 
summand of the series for the current in the single radiator, based on using 
expression (2.27), is simplified, since one can use the expression (2.13) as the first 
summand. 


Compare the results of solving the Leontovich-Levin equations for one and two 
radiators with those obtained by the induced emf method. The input impedance of 
the first radiator is 


z ai =(',/./, ( 0 ) = e , 


2>V„,(0) 


n =1 


(2.28) 


where 


zv*(o )=-1 k( ff )+ £ 4A l, )+ £ d' / !r ,l )] / !"( CT ) 

e i -u L 


) da. Here, to 


simplify, the following designation is used for the first radiator current in the nth 

n 

approximation: j\ n) (z) = J im • 


The input impedance in the nth approximation is equal to 



_£/_ 

A"(o)+z,W(o)' 


(2.29) 


Let us write the first summand of the denominator in the form 

j;-»(o)=-j‘x,( CT )j;"- ,, ( CT y CT . 

e i -z, 

Factor j]' 1 (cr) in the integrand of the second summand of the denominator can be 
replaced withy)" -1 * (cr), i.e., one can add terms of higher order of smallness to a 
quantity of the first order. Since the polynomial in square brackets of the 
integrand is a quantity of (n-\ )th order of smallness, as is easily seen from 
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(2.26), the addition of terms of higher order does not change the accepted 
accuracy level. Hence, 


XU„ (0) = A"(0) + 1 J [e„ (A") + E„ {/;r")yr"(a)da. 


■"/ -Lj 


As a result, we obtain 


zi', 1 =e, U 2/ 


(o) ■+-- J k (A")+ e„ (j<r")] jj- 1 ' ( CT y CT |. 

e i -L J 


(2.30) 


One can rewrite the expression (2.29) as 


7 (") _ e i 

A1 /^(O), 


j ( r ] (o) 


j { r' ] {o) 




j ( r x \ o) 


if 


(2.31) 


then 


Z 1") = e 

^AI 




i.e., 


y( n ) ~ 



(2.32) 


The expression generalizes expression (1.39), which was presented in Section 1.3 
and is called “the second fonnulation of the induced emf method”. In (1.39), the 
sinusoidal distribution of the current along the radiator is used to calculate the 
input impedance in the second approximation with respect to/. In (2.32), the 
(n -1 )th approximation for the current permits to calculate the input impedance in 
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the nth approximation with respect to /. The equation (1.39) is applicable only to 
a single radiator, whereas equation (2.32) is valid in the presence of the second 
radiator as well. The expression (2.30) allows writing the equation (1.47). 

Comparison of the obtained results with those by the induced emf method permits 
to draw the following conclusion. 

The integral formula of the induced emf method for the radiator input impedance, 
if the condition (2.31) holds, coincides completely with the integral formula 
obtained from the solution of the integral equation. The identity of these formulas 
explains the known fact that the input impedances calculated by both methods and 
expressed in terms of tabulated functions coincide in the second approximation 
with respect to x ■ 

Actually, if one takes the expressions (2.13) as a basis for the first term of the 
series (2.11) and performs the transition from the input current to the radiator 
input impedance, which is similar to the transition from (2.28) to (2.32), the result 
proves to be identical with that of calculation performed by the induced emf 
method. Since the condition (2.31) at the point of a parallel resonance for the 
sinusoidal current distribution is not met, the emf method yields incorrect results 
near that point, and both calculated resistance and reactance increase without 
bound, while the measured values of the input impedances remain finite. 

The derivation of (2.32) uses conditions (2.16) and (2.22). The fulfillment of the 
conditions is necessary to avoid possible mistakes. 


The first formulation of the induced emf method can be reduced to a form similar 
to expression (2.32): 







( 2 . 33 ) 


It is shown in [19] that the expression is obtainable by the direct transition from 
(2.32). But for that, the equality Jj (1) (cr) = -J,* 1 ** (cr) needs to hold. In accordance 
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with this equality, the current should be purely reactive, i.e., there should be no 
losses either in the radiator, or in the environment. 

To conclude the section, it is necessary to say a few words about an antenna with 
a feed displaced from the radiator center to point z = h (see Fig. 4b). The 
expression (2.32) was derived for the extraneous emf without defining K (z) 
concretely. For this reason, it is applicable to the radiator with h ^ 0, if current 
J! (0) and all terms of its series are replaced with current J, ( h ) and the terms of 
a new series. For the single radiator, we obtain the expression, which generalizes 
the expression (1.50) written in accordance with the induced emf method: 




| E'(jf"yr'\a)da. 


2.3. INTEGRAL EQUATIONS FOR COMPLICATED STRUCTURES 

Two previous sections are dedicated to integral equations for the currents in 
straight metal radiators. Radiators with distributed and concentrated loads are 
more complicated variants. An antenna in the fonn of a metal rod coated with a 
magnetodielectric layer (Fig. 5a) of Chapter 1 is an example of a radiator with 
distributed load. In contrast to (2.1), the boundary condition on the surface of a 
dipole with distributed load is given by 


E, (a,z) + if(z) 

H A a ’ z ) 


-L<Z<I ^( Z )’ 


(2.34) 


where E z (a, z ) and II , p ( a, z ) are the tangential component of the electric field and 
the azimuthal component of the magnetic field, respectively, and Z(z) is the 
surface impedance, which is in the general case dependent on coordinate z. The 
boundary condition of such kind is valid, if the structure of the field in one of the 
media (inside an antenna, e.g., in a magnetodielectric sheath) is known and 
independent of the field structure in the other medium (ambient space). 
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The radiators with boundary conditions (2.34) met on their surface and with the 
surface impedance that substantially changes the distribution of current along the 
antenna already in the first approximation are called the impedance ones. 

In accordance with the equivalence theorem, one can, when calculating the field, 
replace the radiator with the field on its boundary, and afterwards use only the 
field. However, for clearness and simplicity, it is expedient to metallize the 
antenna surface. Surface density j s of the electric current is related to magnetic 
field strength H as j s =[e ,H], where e p is the unit vector in the p direction. 
Then 

f/^(a,z) = j z (z) = J{z)/{lna), (2.35) 

where J(z) is the linear current along a metalized antenna (it is equal to the total 
radiator current). 

The tangential component of the field is detennined by expression (2.19). 
Substituting (2.19) and (2.35) into (2.34), we obtain the equation for the current 
along an impedance radiator: 

d 2 J(z ) , . . r \ r \ J( z )Z( z ) 

- + k J (z) = -4;r jco£% K(z) + W (J ,z)-——— , (2.36) 

dz~ 2 na 

which should satisfy the condition (2.2). Three summands in the right-hand part of 
the equation take into account the exciting emf, the radiation, and the presence of 
the distribution load, respectively. 

As before, we shall seek the solution as a series in powers of small parameter %, 
presenting the surface impedance as 2 jkZ^z^KaZ^) - x X U . That allows arriving 
at the set of equations for the untuned radiator: 

d + k\J x (z) = -4 njcosK(z), J,(±L) = 0, 

d + K 2 J„ ( z ) = -4 TTjcosW ( J n _ x ,z ), J n (±L) = 0 ,n > 1. 

az 


(2.37) 
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Here kf = k 1 - U. If both summands are of the same order of smallness, the 
surface impedance substantially affects the distribution of current, and one must 
attach the me aning of a new wave p ropagation constant along an antenna to the 
quantity = ^jk 2 - jlk'/Z(z)/(aZ 0 ) . From the first equation of system (2.37) it 
follows that the current distribution along the antenna has in the first 
approximation sinusoidal nature 

<2 ' 38) 

Ratio k x /k is usually referred to as the slowing-down. 

Solving the equation for J 2 (z) in the system (2.37) allows finding the current in 
the second approximation, calculating the active component of input impedance 
and defining the value of reactive component more precisely. If one uses the 
modified method of solving the equation for the current described in the previous 

N 

section, the additional summand Z/(2^a)^^"'/)"' ) (z) will appear in the right- 

m=\ 

hand part of expression (2.26). 

If the condition (2.31) holds, then, by analogy to (2.32), we find for the single 
radiator 


y(") 

^ A 



jl jW 1 ) 
2 na 


Jj" '* (z)<7z. 


(2.39) 


This generalizes the expression (1.49) written in accordance with the induced emf 
method. 


A radiator with constant surface impedance is a particular case of a radiator with 
impedance varying along the antenna. Let, for example, the radiator consist of 2 N 
sections of length l m , surface impedance Z m being constant on each of them (Fig. 
5b) of Chapter 1. We consider that the radiator to be symmetrical, and the emf to 
be connected at its center. The equation for current J m (z) along the /nth section 
of a radiator takes the form 
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d 2 J.f) 


dz 2 


+ k 2 J m {z) = -47TjCO£Z 


K(z) + f j w{j„z)- 


A Z ) Z ,n 

2 na 


, b i <z<b , ( 2 . 40 ) 


Considering that the impedance affects essentially the current distribution in the 
first approximation, we introduce propagation constant 
K=Jk 2 -j2kz z J(aZ t ) on the each section and write the current as a series in 
powers of small parameter % to obtain the set of equations: 


d + K, J m \ ( z ) = -^njcosK(z ), 

d 2 J ( 7 ) 2N 

— + k "' J mn ( z ) = - 4 ^ jcos j? W (J in _, ,z), b m+l <Z< b m , 


n > 1 . 


( 2 . 41 ) 


The current and the terms of the current series are continuous along the radiator and 
absent at its ends. From the first equation, it follows that the current distribution 
along the each antenna segment has in the first approximation sinusoidal character. 
In order to find the law of the current distribution along the entire radiator, it is 
necessary to complement the conditions of current continuity on the segment 
boundaries with those of charge continuity, i.e., the equality of derivations on the left 
and the right at each boundary. The conditions mean continuity of voltage along 
entire radiator, except for the point of the generator placement. 

The above-mentioned conditions pennit expressing the amplitude and phase of the 
current at any section through those of the preceding segment current, and, 
therefore, through segment parameters and one of the currents. The current 
distribution along entire radiator coincides in the first approximation with that in a 
stepped long line open at the end. 


For the symmetrical radiator excited at the center, the current distribution is 
determined by the expressions (1.54). If the condition (2.31) holds, the expression 
for the input impedance in the nth approximation with respect to % takes the form 




7 1 / s 

-t-=— K‘’h)*- 

2na 


( 2 . 42 ) 
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i.e., the expression (1.53), obtained by the induced emf method, is generalized. 

In the course of searching for the radiator with the impedance varying along its 
length, the issue of rational changing the surface impedance along the antenna, 
which allows improving the antenna-cable matching, arose invariably. The 
analysis of the problem shows that, at unchanged frequency of the first resonance, 
the surface impedance must be concentrated at a small antenna segment near the 
generator. A typical wire antenna with a lengthening coil in the base meets this 
requirement. 

An example of a radiator with concentrated load is given in Fig. 6a of Chapter 1 . 
The integral equation for the current in such antenna is easily derived from the 
equation for the current in a metal dipole. The connection in a wire (at point z = z n 
) of concentrated complex impedance Z n is equivalent to connection of additional 
concentrated emf e n - -J ( z n ) Z n , which produces the impressed field 

E„=-Jf,)Z,S(z-z„). (2.43) 

The boundary condition for the electric field on the radiator surface with N loads 
will take the form 

E , («> ■ Z ) | -L<Z<L + K ( Z ) - X J ( Z » ) Z ’> S ( Z ~ Z » ) =0 ’ ( 2 ‘ 44 ) 


i.e., 


d 2 J(z) 

dz 2 


+ k 2 y(z) = -\n jcosz 


K(z) + W(J,z)-'£j(z,)Z'S(z-z,) 


n =1 


(2.45) 


If the radiator is symmetric and loads Z n in its both arms are identical and placed 
at identical distances z n from the coordinate origin, it follows from (2.44) that 

N/2 

E z (a,z) | _ x < z < £ +K{z)~Y j J {z n )Z n [_8{z - z n ) + 8{z + z n )] =0 . (2.46) 

n =1 

For example, Hallen’s equation (1.68) for the current along a filament yields 
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i g . 

G x dg - - < C cos kz +— sink|z| 

l 2 

This equation was used in paper [20]. If the radiator has only one load Z 1 
connected in the wire (at point z = z n ), it follows from (2.45) that 

— d 1 ^ + kV(z) = -Anj6)£%\^K(z) + W (j)-j(z 1 )Z 1 ^'(z-z 1 )] . (2.47) 

Three summands in the right-hand part of the expression take into account the 
exciting emf, the radiation and the presence of the load. We seek the solution as a 
series in powers of small parameter %, which allows arriving at the set of 
equations 

d J Jz ^ + klJl ( z ) = ~ 4;r ^ g [ K ( z ) ~ XJ\ ( z i) Z l S(z -z t )], y 1 (±L) = o, 

+ ej n ( z ) = -4 njcos[w(J n _,) - X J n {z l )Z l S(z-z l )], J n (±L) = 0, n> 1 .(2.48) 



1 JV/2 

TS* / ( z ») z «[ sinA: l z_z »l + sinA: l z+z »l] )• 
«=1 


The equations are written provided that Z, has the magnitude on order of 1/ x, 
i.e., it is comparable with the antenna wave impedance. The solution of the first 
equation for the particular case when the antenna feed point is displaced from its 
center, i.e., K (z) = eS(z-h"j, takes the fonn 


% J i ( z ) = f 




J 2 e 


3 Osin 2 kL 
Z,Z, 


900 sin* 2 kL Z, + Z 2 


sin k (L +/ 2 h) sin k(L-y 2 z) + 

-sink(i J rY\ z \) sink (X + y 3 Zj) sink (X -y 3 &) sink (X -^z), 


(2.49) 


where 


Z 2 = —y 


3 Osin 2 kL 


X sin k (X + Zj) sin k (X - z t ) ’ 


Zi 


[-l,z, >z, 


r 2 


|+1 ,h<z, 
I —1, /z > z, 


r 3 
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As to be expected, the current along the radiator with one concentrated load 
contains two sinusoidal terms: one of them is caused by the generator, and the 
other one is caused by the load. 

The solution of the equations for J n (z) at n > 1 is found by replacing quantity 
in equation for/j(z) with W(J n A. If one takes into account (2.49), we 
get at the excitation point: 

e -L 

Let us use an equality of the type (2.26), in which the additional summand in the 

n 

form y ^ y m J m { z i)Z l S(z-z 1 ) appears in accordance with (2.47) because of the 

m =1 

concentrated load Z,. From this equality we find quantity W{ y n l J n ,j and 
substitute it in % n J n ( h ). If the condition (2.31) holds, then, by analogy to (2.32), 

z 7*- r , ,1 iJ 1 £ 4- /< - > )- /< - ) ( <t )‘ /<t - z '[- /< *~‘ ) 6')T1- (2 - 50) 

/-'>(*)] li J 

This expression at Z y = 0, h = 0 coincides with (2.32) in the absence of the second 
radiator. As seen from (2.50), if a concentrated load is connected in the antenna wire, 
then an absolute tenn, proportional to the impedance magnitude and the squared 
current at the point of connection, will appear in the formula for Z 4 along with the 
integral. The addition of such tenn does not contradict the logic of the induced emf 
method. The expression (2.50) generalizes the expression (1.57), obtained by this 
method. In the case of several (A) loads with magnitudes Z n , located at points z = z n 
(see Fig. 6b) of Chapter 1, we come to the expression generalizing the fonnula (1.58). 

Therefore, the solution of the integral equation for currents in antennas of 
different types confirms and defines more precisely the results determined by the 
method of induced emf when its second formulation is used. The conclusion is 
valid also for radiators made of several parallel wires. They are considered in 
Section 3.2. The results of using the theory of the impedance antennas and the 
antennas with concentrated loads are considered in Chapter 6. 
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2.4. INTEGRAL EQUATIONS FOR A SYSTEM OF RADIATORS 


In Section 2.2, the system consisting of two radiators was analyzed with the help 
of the integral equation. The expression (2.32) of the section shows clearly that an 
input impedance of a radiator in the system is equal to the sum of self-radiator 
impedance Z IP in the nth approximation with respect to/ and the additional 
(coupled) impedance, equal to a product of mutual impedance Z 7 y of radiators 
and the ratio of currents at radiator centers. By analogy, in the case of several ( Q ) 
radiators, the strength of the electric field on the /;th radiator surface is 

£ ,=IX(-0- < 2 - 51 > 

9=1 

where E p (j ? ) is the field along the /;th radiator, created by current 
J' = J q (0) f (cr) of the c/th radiator, / (cr) is the current distribution law in the 
c/th radiator. The oscillating power, produced by the p\h radiator with current 
J - J p (0) f (cr) to all radiators, is 

9=! -L, 

whence the input impedance of the /;th radiator is 


Z 


p 





9=1 



(2.52) 


where Z qp =-\ E p {f q )f p (cr)c/cr is the mutual impedance of the c/th and /?th 

~ L r 

radiators. 


In the notation system adopted in Section 2.2, where the order of quantity 
smallness is taken into account, the expression is of the form: 


z ( '0 = __ 


1 
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Multiplying the radiator input impedance by the source current, we obtain the 
magnitude of emf, connected at the p\h radiator center: 

% = = iX(O)Z t „,p = l,2,...0. (2.53) 

q =1 

This is the Kirchhoff equation for a closed circuit. According to the equation, the 
emf in the circuit is the sum of the voltage drops across the elements. Since the 
equality is valid for each radiator, then the set of equations is written in fact with 
the help of (2.53). The expression (2.53) is identical to the equation (1.65) written 
in accordance with the logic of the induced emf method. 

Note that (2.53) corresponds to the series connection of circuit elements (see Fig. 
8) of Chapter 1. The series circuit is employed widely in the analysis of radiator 
systems. The input impedance of each radiator is calculated usually in accordance 
with expression of the type (1.39). For this reason, the series circuit is valid for the 
radiator system with the arm length smaller than 0.42 . 

At higher frequencies, using a parallel circuit is expedient. Here, the input 
impedance is calculated in accordance with an expression of the type (1.47). 

In spite of seeming diversity of described methods, they have an essential 
disadvantage. They are developed for specific radiators and possess no flexibility 
and freedom for the analysis of arbitrarily constructed radiators. The method, 
which allows treating a wire structure consisting of straight wire segments located 
arbitrarily and connected partially with each other, offers in this context much 
greater possibilities (Fig. 2a). Consider the currents running here along thin 
perfectly conducting filaments. Two segments of a filament are shown in Fig. 2b. 
The distance from point O of the /;th segment to element ds of the 5th segment is 

R = \ 7 P + P* p ~ K - se s |^ =() , (2.54) 

where r and r are radii-vectors from the origin to points O p and O s of the 
corresponding segments, p and 5 are coordinates measured along the segments, e p 
and e s are the unit vectors, their directions coincident with wire axes. 
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Let us write for the current along the 5th segment: j s = j s (s)e s . According to 

S 2 

(1.21), A s (] s ) = A s (jJe s . Here, A s (j s ) = pf j(s')G 3 ds', where S 1 and S 2 are 

s, 

the coordinates of beginning and end of the 5th segment on the 5-axis. In order to 
find the vector potential of the total field, one has to sum the vector potentials of 
all segment fields: 

N N 

.)=Y, a ,.U.K’ < 2 - 55 > 

n =1 n =1 



Figure 2: Wire antenna of straight segments (a), its two segments (h) and curvilinear variant (c). 
where n is the segment number, N is the number of segments and 

Sn2 

An U„ ) = m \ j(^, )G,ds n . 

Snl 


In accordance with (1.20) and (1.21), the field of the 5th segment at point O p is 

1 

L ( O p ) = -— J J(5) [A' 2 G 3 ? s + graddiv ( G,d s )] ds . 
jcos S] 

Here, the differentiation in the last term is performed with respect to the 
coord inates of the observation point S ince in the rectangular coordinate system 
^ = \( x p- x s) + (y p -y>) + ( z p~ z s) - where x „-> L /; , z p are the coordinates of 
the observation point, and x s , y s , z s are the coordinates of the integration point, 
then grad p G = -gradfi (indices p and 5 show, with respect to which coordinate 
the differentiation is performed). Take into account that in accordance with the 
gradient definition e s grad s G = dG/ds. Using these relationships and the 
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mathematical identity div ( Ge s ) = e s gradG , we find: div ( Ge s ) = - dGjds , 
whence it follows 



k 2 G 7 e s - grad p 


' dG^ 

V ds J 


Ids. 


The projection of the 5th wire field onto direction p is calculated as a product of 
quantity E s (O p j and e p : 


ps 




ee 


s p 


d 2 G 3 

dpds 


ds , 


(2.56) 


and the projection of the total field is the sum of the fields projections of all 
segments: 


N i TV S„2 

tt J(OS tt. 

n 1 


.2^-- 5 2 G 3 

k G,e„e n - 

dpds n 


ds„ 


Substituting this field in (2.1), we get the equation generalizing the Pocklington’s 
equation: 


N 


X j J n( S n) 

n =1 c , 


t 2 /i d 2 G, 

k G,ee n - 

3 " p 8pds n 


ds n = -ja>sK p i p). 


(2.57) 


If N = 1, equation (2.57) converts to (2.6), 

d 2 G , 




-L 


k G,e r e 7 - 

J £ z 


dzdg 


dg = -jco£K(z). 


(2.58) 


Here, the replacement of variables is perfonned: p —» z, s n —> g . Furthermore, 
one should take into account the Green’s function symmetry relative to the 
coordinates of the observation and integration points: dG^/dz = - dG, /dg . 

Let the wire antenna is a polygonal (broken) line, along which combined 
coordinate g is measured, and the lengths of straight segments tend to zero. Then 
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from (2.57), we obtain the Pocklington’s integral equation for the current in a 
curvilinear conductor (Fig. 2c): 

8 2 G, ~ 
dzdg _ 

Here, e z and e arc tangent unit vectors at the observation and integration points. 
If the curvilinear conductor is symmetrical relative to some middle point, this 
equation completely coincides with (2.58) in fonn. 

Other derivations of this equation are given in [11] and [21]. 

2.5. GENERALIZED INDUCED EMF METHOD. IMPEDANCE LONG 
LINE 

An analytical solution of an antenna radiation problem has been obtained for a 
small number of the simplest variants of radiators. As a rule, small-scale radiators 
situated in free space are considered. This is due to the difficulty of the problem. 
In this connection, digital methods allowing reducing the problem to solution of a 
set of linear algebraic equations became frequent practice in solving integral 
equations for the antenna current. These methods permit to find characteristics of 
complex antennas with size, great in comparison with a wavelength, and take into 
account the influence of nearby antennas and metal bodies. 

Reducing integral equation to a set of algebraic equations is accomplished with 
the help of the Moment Method. 

In the general case the integral equation for the current in a wire antenna has the 
form 

\j(g)K{z,g)dg = F{z), (2.60) 

(0 

where J{g) is the sought function (the current distribution along a wire), K(z,g) 
is the equation kernel, dependent on coordinate z of the observation point and on 
coordinate c of the integration point, F(z) is a kn own function determined by 


dg = -j<x>sK[z). 


(2.59) 


\ J {g) k 2 G 3 e ? e z 

(L) L 
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extraneous sources of the field. The tenns proportional to the current may enter 
into function F(z); here, this is of no great importance. The integral is taken over 
an all wire length. It is easy to verify that the equations considered earlier are 
particular cases of the equation (2.60). 

Unknown current J (g) is expressed in the fonn of a sum of linearly independent 
functions f n ($■), which are called the basis ones: 

N 

j(f]Tu(«), <2-«i) 

n =1 


where I n are unknown coefficients, which are complex in the general case. 
Substituting (2.61) into (2.60), we obtain: 

n=1 (0 

Introduce the second system of linearly independent functions^ (z), they are 
called the weight ones. If we multiply both parts of equation (2.62) by <j) p (z) and 
integrate over entire wire length, and then repeat the operation at different p, we 
shall obtain the set of equations: 

'E I »\0p( z )\f n (s) K ( z ’£)d£ dz = l<l>p( z ) F { z )dz, p = 1,2. ..TV . ( 2 . 63 ) 

" =1 (0 (>) (0 

Obviously number N of equations (2.63) must coincide with number N of 
unknown quantities. The integration result of each expression is its moment; 
hence the method’s name. 

If the system of weight functions coincides with that of the basis functions such 
variant of the Moment Method is known as Galerkin’s method. Then 

Z 7 « J f P ( z )\fn [s) K (z,g)dgdz = jf p ( z)F(z)dz , 

" =1 (0 (0 (0 


p = 1,2...TV. 


(2.64) 
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One can rewrite this set of equations as 

p = l,2...N , (2.65) 

n =1 

where Z np = | f p (z) J f n (g)K(z,g)dgdz, U p = | f p (z)F(z)dz . Equation (2.65) 

(0 (0 (6 

is valid also for set of equations (2.63), if one replaces f p [z ) with ^ p (z) in 
formulas for Z and U p . 

Expression (2.65) is the set of linearly independent algebraic equations with N 
unknown I n , having the dimensionality of the current. Coefficients Z np and U 
have the dimensions of the impedance and voltage; they can be calculated, e.g., by 
digital integration. Accordingly, one can interpret the expression (2.65) as 
Kirchhoff equation for the /Ah contour with current I p and emf U p , which enters 
into the system of N coupled contours, and Z pp is the self-impedance of the 
contour element, and Z np is the mutual impedance of the nth and /Ah contours. 

Set of equations (2.65) can be solved on the computer with the help of standard 
software. If one writes down the set in the matrix form: 

[I][Z] = [U], (2.66) 

where [Z] is the impedance matrix, [/] and [ U] are the current and a voltage 
vectors, then one can say that the solution is obtained with the help of the standard 
method of matrix inversion: 

[I] = [Z]-'[U]. (2.67) 

Substitution of obtained values of I n into (2.61) permits to calculate current 
distribution J(g), and afterwards all electrical characteristics of the radiator. 

The calculation of matrix elements Z np in practice may prove to be difficult, since 
it is connected with the digital double integration. To alleviate the difficulties, one 
can use 8- functions as weights: (/> p {z) = 8{z — z p ). Then, the integral in the 
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calculation of Z becomes a single one, the calculation of U requires no 
integration, and the expression (2.63) takes the form 

J j I n \f n {g)K(z p ,g)dg = F(z p ),p=\,2...B. 

n=\ (/) 

One can obtain the equation directly from (2.60) and (2.61), if the left- and right- 
hand parts of the equation (2.60) are equated to each other at isolated points, their 
number N corresponding to that of obtained equations. For this reason, the variant 
of the Moment Method is known as the point-matching technique or the 
collocation method (see, e.g., [20]). 

The collocation method ensures an exact equality of functions found in the left- 
and right-hand parts of the equation (2.60), at least at N points. In the intervals 
between the points, the difference between the two parts of the equation may 
increase sharply. When using the Moment Method with weight functions of 
another type, the equality may not take place on the whole at any point of the 
interval, where the value of z is changed. But equating both function moments 
(integration with some weight) means decreasing to the minimum of difference 
between the left- and right-hand parts at all points of interval, where z changes. 
This property in the final analysis may prove to be more important than the exact 
equality at isolated points. Therefore, Galerkin’s method allows providing, as a 
rule, an essentially more accurate solution than the collocation method. Yet, the 
collocation method is useful sometimes, too. 

The choice of basis functions is of a great importance for using the Method 
Moments, since the successful selection of the system permits to decrease the 
amount of calculation at given accuracy or to increase the accuracy within the 
same calculation time. For that end, as a rule, the basis functions must suit the 
physical sense of a problem, i.e., coincide, in the first approximation, with the 
actual distribution of the current along a radiator or its elements. 

Basis functions are subdivided into two types: entire-domain functions, which are 
other than zero along the entire radiator length, and subdomain functions, which 
are other than zero along a wire segment. As basis functions of the first type, one 
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can use, e.g., for example, terms of Fourier series and Tchebyscheff or Legendre 
polynomials. Their application area is limited mainly to isolated radiators of a 
simple shape. For a wire antenna of an intricate shape, subdomain basis functions 
are employed typically. In particularly, such approach is expedient, if the antenna 
consists of arbitrarily situated segments of straight wires partially connected with 
each other. A straight radiator also may consist from physically isolated wire 
segments, if lumped loads are connected in its arms at given distances from each 
other. One can exemplify subdomain basis functions with piecewise-constant 
(impulse) functions (Fig. 3a), piecewise-linear functions (Fig. 3b), and piecewise- 
parabolic functions (Fig. 3c). These basis sets are particular cases of a wider class 
of basis functions - of polynomials. A simpler variant of the current 
approximation with a polynomial is proposed in [22]: 

M n 

J (?) — I nm (a _ Cl ) ’ Cl < C < $«+1 ' 

m= 0 


Flere, M n is the selected degree of the polynomial on the nth segment, and I nm 
are unknown coefficients. Comparing the expression with (2.61), we obtain: 


M„ 


= I no* fn(s) = Tj~r L (s- Sn )”' at C, ^ b ^ S n+ 1 and 0 elsewhere. 


m =0 AiO 



Figure 3: The current as the sum of impulse (a), piecewise-linear (h) and piecewise-parabolic (c) 
basis subdomain functions. 
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By analogy with the entire-domain basis, one can use the Fourier expansion as 
subdomain basis functions. A special case of such expansion is piecewise- 
sinusoidal functions: 


As) 


! P k(g p+l -g) + I p+i sin k(g-g p ) 

sin k(g p+l -g p ) 


Sp -i ^ f ^ C P+ 1 • 


Comparing this expression with (2.61), one can write: 


f P (s) 


sin k[g-g p ^) 
sin k(g p -g p _,Y 
si nkj^-g) 
si nk[g p+l -g p y 

0 elsewhere. 


C P+ i 


( 2 . 68 ) 


(2.69) 


Using representation (2.61) with the basis functions of the fonn (2.69) is 
equivalent to dividing the wire into short dipoles with overlapped arms and with 
centers at points^, with / being the current at the center of the /;th dipole. In 
this sense, equations (2.61) and (2.69) are the generalization of expression (1.8). 
Since weighting become piecewise-linear as short dipole lengths decrease then 
Fig. 3b permits to visualize how the collection of the subdomain basis functions 
produces the total current distribution along an antenna. 

Work [23] proposed to use the functions in the form (2.69) as the basis and 
weighs. Such variant of the Moment Method has two advantages. Firstly, a rapid 
convergence of results is ensured, i.e., the matrix [Z] dimension is small in 
comparison with the matrix dimensions when using other basis and weight 
functions. This means that application of piecewise-sinusoidal functions as the 
basis and weights ones corresponds to the physical content of the problem. 
Secondly, closed expressions containing integral sines and cosines can be used to 
calculate many matrix elements. 
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Substitute the current distribution (2.61) with weight functions (2.69) into the 
equation (2.57) for the complex wire radiator. In accordance with Galerkin’s 
method, we multiply both parts of the equation by weight function / s (z) and 
integrate along the entire wire length. Repeating the operation at different s, we 
obtain a set of P equations of (2.65) type with P unknown quantities/ , with the 
coefficients in them being 


Z 


ps 


1 

jcos 


z s +1 (T p +1 

f (z) [ f (c) 

J J s\ ) J J pY=> ) 



_ _ d 2 G 3 

ee_ -- 

' " dzdg 


dgdz 


z s +1 

U s = J fs( Z ) K s{ Z ) dz 


Z S -1 


(2.70) 


Comparing (2.70) with expression (1.39), where quantity is is substituted from 
(2.56), it is easy to verify that the formula for Z corresponds to the mutual 
impedance between pih and nth dipoles, calculated by the induced emf method. 
As seen from (2.70), the dipoles are considered as isolated ones, i.e., the current of 
each one follows the sinusoidal law. Substituting extraneous field K s (z) in (2.70) 
shows that quantity U s is the emf of the generator connected at the center of the 
5th dipole. Therefore, the set of equations (2.65) with coefficients Z ps and U s is 
the set of Kirchhoff equations for the collection of dipoles constituting the wire 
antenna. 


Thus, the variant of Galerkin’s method that was proposed by Richmond and used 
to calculate the current distribution in a complex wire radiator is equivalent to 
division of the radiator into isolated dipoles, their self- and mutual impedances 
being calculated by the induced emf method. For this reason, one can refer to 
Richmond’s method as the generalized induced emf. 

If the lumped loads are connected in the antenna, it is expedient to divide the wire 
into short dipoles so that the load is placed at the dipoles centers. Then, in 
accordance with (2.43) one can generalize the equations set (2.65) and write it in 
the form: 
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£/„Z,,=[/,-/,Z,, S-1.2...N, (2.71) 

P =1 

or in matrix form 

[I][Z] = [U-IZ]. (2.72) 

The accuracy of the induced emf method for the dipole calculation is known to 
decrease as the dipole length increases. The accuracy of calculation is acceptable 
at dipole arm length L < 0.4A . The advantage of the generalized induced emf 
method consists in the fact that one can divide the long dipole into several short 
dipoles, e.g., with the arm length no greater than 0.2 A . That allows ensuring the 
required exactness. 

Calculation of the coefficients Z /)s requires the digital double integration. But the 
problem is simplified essentially if the method described in [7] is used to calculate 
the mutual impedance of two arbitrarily situated dipoles. Here, the double 
integrals are reduced to single ones, and each integral is a sum of alternating 
series. The series tenns are calculated by recurrence fonnulas, almost as quickly 
as the terms of the power series. This manner of calculating Z ps is useful in 
general-purpose software. 

From all the above it follows that the induced emf method is a constant 
companion and satellite of the integral equation method. Also it is inseparable 
from the concept of an equivalent open-end long line with the sinusoidal current 
distribution coinciding with the one along the symmetrical dipole. In the case of a 
usual line of the metal wires, the propagation constant of a wave along the line is 
equal to that of a wave in the air. 

An impedance long line is the same kind of a counterpart of an impedance dipole, 
as a usual line is that of a metal dipole. In contrast to a metal antenna, tangential 
component E z of the electric field on the surface of an impedance dipole is other 
than zero, which results in an additional voltage drop across each its element: 
dU = E_dz . Using boundary condition (2.34) and taking (2.35) into account, we 
get 
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dU 


2 na 


(2.73) 


Thus, infinitesimal element dz of line, equivalent to a symmetric dipole, contains, 
besides inductance c/A, = Ay/z and capacity dC = C, dz, additional impedance 
Zdzj{na) (factor 2 takes into account that the dipole consists of two wires). Here 
Cj and Aj are the capacity and inductance per unit length. The long line, 
equivalent to an impedance dipole, is shown in Fig. 4. 


The telegraph equations for such line are 


dU (z) 
dz 


J(z) 


f . . Z 1 

/a)A, + — 

{ na) 


dJ (z) 
dz 


jcoCJJ (z), 


(2.74) 


hence 


d 2 J 

dz 2 


+ k 2 J(z ) = 0, 


d 2 U 

dz 2 


+ k 2 U (z) = 0, 


where k 2 = k’ - jZcoC x I {na). 


di\ Zdzj[na) 



Figure 4: Equivalent impedance long line. 


(2.75) 


We shall assume capacity C d per unit length of a dipole to be equal to the self¬ 
capacitance of an infinitely long wire of radius a. Since radius a is much less than 
length 2 L of the antenna, the surface of zero potential can be placed at distance 2 L 
from the antenna. Then the capacity per unit length of a line compared with a 
symmetric dipole is 


Cj = C d /2 - ns/\n(2L/a) 
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and 


k 2 =k 2 - j a>sZj [a In (2L/a )], 
which coincides with the quantity obtained in Section 1.4. 

Solving (2.74) in the ordinary way, we find the current and input impedance of an 
open- ended impedance line: 

J(z) = J(0)sinA: 1 (Z-z)/sinA: 1 Z, Z l = -jW, cot k { L , (2.76) 

where .7( 0) is the generator current, and W, is the wave impedance of the line, 
coA,- i{Zjna\ k L 2 L 

W,= - 1 Jy 1 - ’- = -= 120 —In —. (2.77) 

coC x k a 

Thus, a dipole with constant surface impedance can be considered in a first 
approximation as an equivalent long line differing from a usual line by the 
presence of impedance Z/(^a) per unit length. Here, the current in the dipole 
follows the sinusoidal law with propagation constant k { differing from 
propagation constant A: in a metal antenna, and the wave impedance of the dipole 
is greater than that of a metal antenna by a factor of kjk. A calculation of the 
equivalent long line yields results coinciding with those of solving the integral 
equation in a first approximation. 


The equivalent long line permits to analyze antenna structures. 
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CHAPTER 3 


New Methods of Analysis 

Abstract: Additional methods of analysis are considered. It is shown that reducing 
three-dimensional conic problem to the two-dimensional one and using the complex 
potential method enables one to calculate the capacitance per unit length and the wave 
impedance for a dipole with inclined arms and also the same for an infinite long line 
and a metal radiator of two convergent filaments or conic shells. The theory of 
electrically coupled lines permits analyzing multiple-wire structures of antennas and 
cables. The mathematical programming method allows selecting the loads to create an 
antenna with the characteristics as close to the given one as possible. The compensation 
method is proposed to protect living organisms and electronic devices from strong 
electromagnetic fields in the near region of an antenna. 

Keywords: Additional radiator, Complex potential method, Dipole with inclined 
arms, Efficiency, Electrically coupled lines, Electrodynamic wave impedance, 
Electrostatic wave impedance, In-phase current distribution, Inverse problem of 
the radiators theory, Long line, Metal radiator of two convergent shells, 
Mathematical programming method, Objective function, Pattern factor, Phase step 
in a signal reradiating, Protecting devices against irradiation, Protecting living 
organisms against irradiation, Required current distribution, Required electrical 
characteristics, Selection of loads, Three-dimensional problem, Transfonnation of 
variables, Transition from a cone to a cylinder, Travelling wave ratio, Two 
convergent charged shells. 

3.1. RELATIONSHIP BETWEEN CONIC AND CYLINDRICAL 
PROBLEMS 

The first two chapters of the eBook are dedicated mostly to rigorous methods of 
calculating thin straight radiators and also systems of widespread parallel radiators 
of such type. Those are traditional, widely applied and sufficiently well tried 
methods. The third chapter gives brief description of comparatively new methods 
that extend potential feasibility of antenna electrical characteristics computation. 


Strictly speaking, the calculation of a linear radiator or a system of parallel linear 
radiators is a one-dimensional or a two-dimensional problem. Three-dimensional 
problems are considerably more complicated. The difference between them is 
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clear by exemplified by the electrostatic problems. The calculation of the 
electrical field of charged bodies is simplified essentially if all quantities 
characterizing the field depend only on two coordinates. Such field is called a 
plane parallel one. The two-dimensional ( i.e planar in fact) problem was treated 
widely for a different number of wires with diverse shape of their cross-section 
while a three-dimensional problem is solved only for a few particular cases. 

In this connection of interest is the attempt of using the results obtained in solving 
the two-dimensional (plane) problem to calculate the electrostatic field in the 
three-dimensional problem when a relative position of metal bodies resembles a 
two-dimensional variant. 

Calculating the field of two infinitely long charged filaments, converging to a 
single point (Fig. la) is an example of such three-dimensional problem. The linear 
densities of both filaments charges are the same in magnitude and opposite in 
sign: 

q { =-q 2 =q. (3.1) 

The two-dimensional problem of two parallel filaments (Fig. lb) is an analog of 
this three-dimensional problem. It is solved by the complex potential method [24], 
The scalar potential of the two parallel filaments field is 

U (x, y)=^~ In (A / A ) , (3.2) 

2 718 

where £ is the medium permittivity and p ] and p 2 are the distances from the 
observation point M to the filaments axes, with 

Pi =(b + x) 2 +y 2 , pi = {b-xf+y 2 . 

Here b is half a distance between the filaments axes. 

Lines of equal potential (equipotential lines) C=const in the plane problem are 
circumferences with centers situated on the axis of abscissas. It follows from here, 
in particular, that the field of two parallel metal cylinders is of the same nature, 



70 The Theory’ of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


since one can always place the equivalent line axes so that two surface of equal 
potential in their field may coincide with surfaces of metal cylinders (Fig. 2a). 
Lines of field strength (lines of force) F=const are circumferences with centers 
situated on the axis of ordinates. 



Figure 1: Three-dimensional (a) and two-dimensional (h) problems for two infinitely long 
filaments. 

In accordance with the uniqueness theorem, an electrostatic problem solution is to 
satisfy Laplace equation, and the surfaces of conducting bodies are to coincide 
with those of equal potential. The three-dimensional problem of two convergent 
charged filaments (see Fig. la) is a particular case of the conic problem, where 
conducting bodies are shaped as a cone with the vertex at the coordinate origin 
(Fig. 2b). Conic and cylindrical problems are compared in [25] where the Laplace 
equation is shown to hold true in transition from one problem to the other, if the 
substituted variables are related by equations: 

p = tan(0/2), (j) c = (f ). (3.3) 

Here p and (f) c are the cylindrical coordinates, and 0 and <f) are the spherical ones. 

The result of such transformation of variables is the mapping of the spherical 
surface of arbitrary radius R onto the plane)/?, fy). The intersection line of the 
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spherical surface with any circular cone (with a vertex at the coordinate origin) 
transforms into a circumference. 

It follows from the above that the three-dimensional conic problem can be 
reduced to the two-dimensional one, where the coordinates of the conducting 
bodies are related with those in the original problem by equations (3.3). So the 
case of two convergent charged filaments situated at angle 2# 0 to each other in 
plane xOz (see Fig. la) corresponds to two parallel filaments situated at distance 
2b = 2tan(# 0 /2) from each other (see Fig. lb). The case of two metal cones with 
an angle 2t// at the vertex of each cone and with angle 20 ] between cones axes 
(see Fig. 2b) corresponds to two cylinders of radiusn = (c-d)/2 , the distance 
between their axes being 2h=c+d (see Fig. 2a). Since, according to (3.3), 

c = tan[(6( +^)/2], d = tan[(6( -^)/2], (3.4) 


it is easy to verified that 



Figure 2: Two-dimensional problem for cylinders (a), three-dimensional problem for cones (b) 
and a dipole with inclined arms (c) as the particular case. 


sin y/ sin ®\ 

cos 0 l + cos y/ ’ cos d x + cos y 


a = 


(3.5) 
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It is worth emphasizing that when passing from a cone to a cylinder the cylinder 
axis does not coincide with the cone axis. 

The scalar potential of the electric field for two convergent charged filaments by 
analogy with (3.2) is 

U(0,y/) = ^—\n(p 2 /p i ), (3.6) 

2 ns 

where 


f 0 n 


f . 2 2 0 


f 00 

, 0) 

tan — 

, 

+ cos (b tan — 

+ sm ©tan'—, 

P\ = 

tan — 

- cos (b tan — 

V 2 

2 j 

1 2 

v 2 

2 > 


+ sin 2 <f> tan 2 


0 

2 


Surfaces of equal potential t/=const in given case are the circular cones, their 
axial lines lying in plane xOz. Surfaces of field strength F=const, where the lines 
of force are situated, also are the circular cones. Their axial lines lie in plane y Oz. 


The reduction of the conic problem to the cylindrical one allows calculating the 
capacitance per unit length and wave impedance of a long line excited at the cone 
vertex formed by two convergent filaments or cones. It is known, e.g., that 
capacitance C per unit length of a line consisting of two wires with a radius a 
spaced at distance 2h and its wave impedance W are respectively 


C = 


7t£ 


In 


h/a + J[h/a ) -1 


-^- W = —= 120cosh _1 (/z/a). 

cosh ~ l (h/a) cC w ’ 


(3.7) 


Here c is the light velocity. 


For two convergent cones, we obtain, according to (3.5) 


TCP 

Cj =-—----, W x = 120cosh ' (sin^/sin^/-). (3.8) 

cosh (sin^j/sin^) 

In the particular case of two convergent cones with an angle 2(// at the vertex of 
each cone and with angle 2 V F between cone axes situated symmetrically with 
respect to the horizontal plane, we find 
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c 2 = 


ns 


cosh 1 (sin v F/sin^/ r ) 


W 2 =120 cosh 1 (sin'F/sin^ - ). 


(3.9) 


As can be seen from Fig. 2c, expressions (3.9) are written for a dipole with 
inclined conic arms. If the dipole arms are shaped as thin cylindrical wires of 
length Z and radius a, with a ((Z , one can, in the first approximation, replace the 
cylinder with a cone and consider that sin y/ & a/L . From here, 


C 2 


cosh 1 


ns 

^ZsinT V 

V a J 


W, 


120 cosh 1 


^Z sinY ^ 

V a 


( 3 . 10 ) 


The case of two convergent charged shells with angular width 2 a situated along 
the surface of a circular cone with angle 2 0 Q at the vertex (Fig. 3a) is of specifical 
interest. The line of two coaxial cylindrical shells (Fig. 3b) of radius 
a - tan(# 0 /2) with the same angular width corresponds to it as the plane problem. 

Summing the fields from pairs of symmetrically located parallel filaments 1-1’, 2- 
2’, 3-3’, etc. (see Fig. 3b), their charges being the same in the magnitude and the 
contrary in sign, one can understand the nature of the electrostatic field of two 
cylindrical shells. Lines of equal potential for each pair are circumferences with 
centers situated on the straight line passing through the filaments of the pair. The 
envelope of the circumferences with the same value of constant m is the line of 
equal potential for the field of the shells. It is a curve line of a complicated shape, 
extended along both sides of each shell and slightly bent toward the ends. One of 
the equipotential lines is also the axis of structure symmetry, i.e., the v-axis. 

Lines of the field strength for each pair of the filaments are circumferences 
centered on the symmetry axis. Two lines coincide with the circumference, where 
the shells are situated, i.e., they close gaps between the latter. Lines of the field 
strength inside the circumference connect the symmetrically placed filaments with 
each other and cross the lines of equal potential at right angles. 

The field structure in the case of two convergent shells (see Fig. 3a) is of a similar 
nature, the only difference being that the surfaces of equal potentials L=const and 
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the surfaces of field strength F=const coincide with conic rather than cylindrical 
surfaces. 




Figure 3: Three-dimensional (a) and two-dimensional (b) problems for two shells. 


The capacitance per unit length and the wave impedance of the line formed by 
two cylindrical shells [26, 27] are equal to 


C = 


sK^l-k 2 ) 


W = \20n 


K^ll-k 2 ) 


(3.11) 


Here K (A:) is the complete elliptic integral of the first kind of argument k, where 
k = tan 2 ( j3 /2), and = 2a')/2 is a half of an angular slot width, i.e., C and 

W depend only on slot width 2(5 and hence angular width 2a of the metal shell. 
As it follows from (3.11), C and W are independent of cylinder radius a. It means 
that both expressions are valid for conic shells as well. 

Quantities C and W are constant along the conic line, i.e., two-wire line of the 
convergent shells is a uniform one. Input impedance Z l of a uniform two-wire line 
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is known to tend to its wave impedance W as its length increases. Therefore, the 
input impedance of an infinitely long line excited by a generator situated near the 
cone vertex is 

Z. (£) = 1 20tt w (3.12) 

KUl-k 2 J 

The structure in question can be treated on the one hand as a two-wire line and on 
the other hand as an antenna. The antenna is a symmetrical F-radiator, with the 
anns shaped as two convergent metal shells situated along the surface of the 
circular cone. One can even think of the structure as a slot cut through a conic 
screen. If Z R (2a) is the input impedance of a metal radiator with angular arm 
width 2 a , and Z s ( 2/7) is the impedance of a slot antenna with width 2/?, then, as 
it follows from the above, if the structure length is great, we find 

Z R (2a) = Z s (2/3) = Z, (k) = \20irK (k)jK^l-k 2 ) . (3.13) 

Two variants of slots cut through a metal cone are shown in the Fig. 4. In the first 
variant (see Fig. 4a) the slot edge coincides with the cone generatrix. The variant 
was considered earlier. In the second variant (see Fig. 4b), the slot edge is a helix, 
and the metal cone with a slot cut in it fonns a bifilar helix, excited near the 
vertex. The angular slot width is considered to be constant. 

Strictly speaking, the expressions (3.11-3.13) are valid only for the variant of the 
slot antenna shown in Fig. 4a. But, if the angular width of the metal shell in both 
variants is the same, one can believe with a high probability that the capacitances 
per unit length and the wave impedances and consequently the input impedances 
of radiators are the same in both cases. 

Compare the input impedances of the metal and the slot radiators with the same 
width. If, for example, the metal shell width is 2a = 2n/2>, then/?/2 = tt/12 , 
k 2 =0.00515, K |vl -k 2 j jK (k) = 2.56, i.e., Z R (2n 1 3) = 120^/2.56 . In fact, 
the slot impedance is the input impedance of the metal radiator situated next to it. 
If the slot width is 2/3 = 2k/2, then/?/2 = ;r/6, k 2 =0.111, 
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K{yj\-k 2 ^ jK(k) = 1.56. Accordingly, Z s (2k/ l) = 120^/1.56. Therefore, the 
impedances of the metal and the slot radiators of the same width 2 tt/ 3 are related 
to each other by Z R {Ik 11 )Z S (2k 11) = (l20;r)~/(2.56-1.56), whence it follows 



Figure 4: Slot with the straight (a) and helical (b) edges on the cone. 

Z s =(60k) 2 /z r . (3.14) 

Here Z R is the input impedance of a metal radiator identical to the slot in the 
shape and dimensions. It is easily verified that (3.14) holds for radiators of any 
width. 

Radiators with the same width of the metal shell and t he slot are of particular interest. 
Setting 2a = ip = k/2, we obtain^ 2 = 0.0294, K(sjl-k 2 j jK (k) = 2.0, i.e., 

Z r (k/2) = Z s (k/2) = 60k . (3.15) 

As can be seen from (3.15), the infinite long radiator mounted on a cone has the 
constant and purely active input impedance, and hence the high level of matching 
with the cable in an unlimited frequency range. If the radiator is of finite size, the 
frequency range is limited, but remains a sufficiently wide one. One can read 
about that in Section 4.2. 

3.2. ELECTRICALLY COUPLED LINES 

The theory of electrically coupled lines [28] permits the analysis of multiple-wire 
structures of antennas and cables. In particular, it allows treating structures of N 
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closely spaced parallel wires with due account of grounding. An asymmetrical 
line of two wires (Fig. 5) is the simplest example of such structure. It is equivalent 
to a folded radiator opened at the end (Fig. 6b). Expressions for the current and 
potential of wires 1 and 2 in the line take the form: 


3wj 

dz 


jX i ] ( + jX n i 2 , 


du 2 

dz 


jX22 4 JX\ih 5 


U l = J , 2 


1 ( Y y ^ 

''Ml ~ ' ^ 12 - 

dz dz 


1 

u i = J TT 


di di ^ 

^22 - + 'M2 ~ 

dz dz j 


(3.16) 


Here u is the potential of the /th wire relative to ground, / is the current along the 
/th wire, X /A _ = coA ik is the inductive impedance per unit length (self- or mutual). 

The two left equations of the system (3.16) are based on the fact that the potential 
decrease at segment dz of each wire is the result of the emf influence. The emf s 
are induced by the self- current and by the currents of adjacent wires. The other 
two equations were written on the basis of the electrostatic equations relating 
charges and potentials with due account of the continuity equation. 

The current dependence on coordinate z is adopted in the form exp (yz) , where y 
is the propagation constant. Differentiation of equations on the right and 
substitution them into those 



Figure 5: The asymmetrical line, which is equivalent to a folded radiator open at the end: (a) - 
circuit, ( b ) - cross section. 

on the left reduces them to a set of homogeneous equations, which shows that 
propagation constant y in the system of two metal wires is equal to k. We search 
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the solution of the set of equations in the form of u x = A cos kz + jB sin kz and 
assume z = 0 in order to detennine constant quantities A and B. As a result, we 
obtain 


*1(2) =/ l(2) COS kz + j 


U l(2) U 2(f) 


w w 

,r 11 ( 22 ) fv 12 ( 21 ) 


sin kz. 


W l(2) = U X( 2 ) cos kz + i'Z A(2)S 7 5 sin kz. 


5=1 


(3.17) 


where / ](2) andt/ |(2) are the current and potential at the beginning of wire 1 or 2 (at 
point z = 0), W ](2]S and p ]{2)S arc the electrostatic and electrodynamic wave 
impedances between wire 1 or 2 and wire s. 


In the general case for an asymmetrical line of N wires, the expressions for the 
current and potential of nth wire take the form: 


4 =/„ cos kz + j 


N TJ 

-x— 

t iw m 


Wn 

V ■ s= l rr ns J 

N 


sin kz. 


(3.18) 


k, = U n cos kz + jY, P ns I s sin kz. 


S=1 


where I n and U n are the current and potential at the beginning of nth wire (at point 
z = 0), respectively, W ns and p ns are the electrostatic and electrodynamic wave 
impedances between the nth wire and the 5th wires, with 


Pns 



|V( c ^)’ n=5 ’ 


(3.19) 


Here, p ns is the potential coefficient (taking into account a mirror image in the 
perfectly conducting ground surface), J3 ns is the coefficient of electrostatic 
induction, c is the light velocity. The coefficients J3 m and p ns are related as 
follows: 


Pns ^ ns N ’ 
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where A w =|/? ;is | is the N x N determinant, and A ns is the cofactor of the 
determinant A N . 

For an asymmetrical line of two wires, we can write 


1 _ P 22 _ 1 _ Pi 1 _ 1 _ P\ 2 _ 

^11 P\ I Pll ~ P\2 ^22 P\\Pll~ P\2 Wl2 P\ \Pl2 P\2 


(3.20) 


The ordinary two-wire line open at the end is a useful equivalent of the monopole. 
It permits to find the current distribution along a monopole wire. The 
asymmetrical line of two wires situated above ground is a counterpart of a folded 
antenna. The folded antenna is a particular case of parallel wire structure. In the 
case, two parallel wires are situated at a small distance from each other as 
compared with the wavelength. The asymmetrical line shown in Fig. 5 is a 
counterpart of a folded antenna open at the opposite end of the wire, which is 
farther from the generator. Two asymmetrical variants of folded antennas - closed 
(a) and open ( b ) - are shown in Fig. 6. 


If the wires of an asymmetrical line have unequal lengths, or if the loads are 
connected into them, one must divide the line to segments. The expressions for 
the current and potential of the nth wire at the /nth segment take the form: 

N 

u ( n m) = U[ m) cos kz + jY pYY' sin kz , 

n n m J r ns s m' 


fm) 

n 



cos z m +j 
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iuir 
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7y(m) ^ 

w [m ) 

yy ns y 


sin kz m . 


(3.21) 


where I ( n m) and U { n m) are the current and potential of the nth wire at the beginning 
of the mth segment (at point z m =0), respectively, Mis the number of wires in the 
/nth segment, and W n [ m) and p \"'’ are the electrostatic and electrodynamic wave 
impedances between wires n and s at segment m. The equations (3.21) generalize 
the expressions (3.18). 
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c) 


i>y 




Figure 6: Asymmetrical folded radiators: ( a ) - closed, (b)- open at the end, (c)- cross section. 


To solve the set of equations, the boundary conditions are used. They establish the 
absence of currents at free ends of the wires, the continuity of the current and 
potential along each wire, the abrupt changes in potential at the points of 
connecting loads and generator e. If we calculate the current magnitude J ( 0) at 
the feed point, we shall find the input impedance of the asymmetrical line, 

Z l =e/J{ 0). (3.22) 


This is equal approximately to the reactive impedance of the antenna, whose 
equivalent is the given asymmetrical line. One can find the antenna impedance 
more accurately, if antenna is treated as a line radiator, the current along which 
being equal to the total current along the line. 

When calculating the antenna input impedance, one needs, as a rule, to find field 
E g at antenna surface. And it should be kept in mind that while current function 
J (g) is continuous along the entire length of the antenna and sinusoidal at the 
each segment, function dJ/dg may have a jump near the segment boundaries. 

The equations (3.21) use wave impedances W' L '"’ and p "‘ ] , and the equations 
(3.18) use similar ones. The magnitudes of the impedances, as seen from (3.19), 
are detennined by the potential coefficients. The coefficients are found by the 
method of mean potentials in accordance with the actual position of antenna 
wires. The simplest variant of this method is the Howe’s method. The mutual 
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potential coefficient of two parallel wires of equal lengths, their size and position 
being given in Fig. 7, is easily shown to be 

Pns =p(L,l,b)/(2xe), (3.23) 

where 

p(L,l,b) = [(Z, + /) sh - 1 + (L -l)sh~ l - 2 Lsh* 1 - - s\{L + 1) 2 + b 2 

-yj(L-i) 2 +b 2 +2 sjr-+b 2 ], 
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Figure 7: The mutual location of wires. 


Le -> P„s = Pns/ C = p(L,l,b)/(2ns 0 e r c) = 60p(L,l,b)/e r . 

Then the self-potential coefficient of the nth wire at the /nth segment with the 
account of the mirror image is 


,(«) 


= p\l -I + ,,0,n (m) l-pr/ -1 „,/ 

Jr m m+ 1 9 9 n J Jr m m+ 1 9 m 


+ l m+V a 


('») 




(3.24) 


where l m and l m+l are the coordinates of the n?th segment boundaries, a ( n m) is the 
radius of the //th wire at the /nth segment. The mutual potential coefficient 
between the nth and the 5th wires at the /nth segment is 

P m) = p\l -l o,b (m) ~\-p[l -l m,/ + / ,,b (m) 1. (3.25) 

r ns r m m+l 9 9 ns J r m m+l 9 m m+l 9 ws J V / 


Here, Zf'"' is the distance between the axes of wires n and 5 at the /nth segment. 
Summing up, it is important to note the general principle underlying the coupled 
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lines theory. The theory permits to find, in the first approximation, the current 
distribution along each wire with the view of using the distribution later to 
calculate the active component and to define more precisely the reactive 
component of the input impedance with the help of the induced emf method. This 
principle is known to be used in calculations by the induced emf method of the 
impedance of a linear radiator, the current distribution along it coinciding in the 
first approximation with the current distribution along a uniform long line. 

A similar approach is used in calculations of the electrical characteristics of an 
impedance antenna, i.e., of a radiator with nonzero boundary conditions holding 
on the surface. One can obtain the current distribution along the radiating 
structure by analyzing the integral equation for the current. Here, the laws of a 
current distribution along radiator wires and along the wires of the equivalent line 
(or of system of lines) are identical. The advantage of equivalent lines is the 
maximum simplicity in finding the law and the efficiency of applying the obtained 
results to designing radiators with required characteristics. 

The results of using the coupled lines theory are considered in Chapter 5. 

3.3. RADIATOR SYNTHESIS 

The characteristics of a linear radiator with fixed dimensions can be changed, if it 
is coated with a layer of magnetodielectric, or concentrated loads connected in it. 
Impedance antennas, with nonzero boundary conditions secured on their surface, 
and antennas with concentrated loads (in contrast to metal antennas without loads) 
give an additional degree of freedom in the development of a radiator with given 
characteristics. The freedom is greater, if the surface impedance varies along the 
radiator, or there are many loads, and they are connected along the whole radiator 
length. 

Loads can be used to solve the inverse problem of the radiators theory, namely, to 
create an antenna with required electrical characteristics. Of great practical 
importance is the particular case of the problem, i.e., creation of a radiator 
exhibiting in a wide frequency ranges a high matching level and the radiation 
maximum in the plane perpendicular to the radiator axis. 
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A typical linear radiator (thin, without loads) fails to meet the requirements. The 
reactive component of its input impedance is great everywhere, except for the 
vicinity of the series resonance, and this results in the antenna mismatch with a 
cable. If the length of the radiator arm is greater than 0.7/1, there is a decrease of 
the radiation in the plane, perpendicular to the radiator axis, since the current 
distribution along a linear radiator without loads is close to the sinusoidal one and 
anti-phased sections are formed on the current curve at high frequencies. 

Connecting concentrated loads across the radiator length, one can, depending on 
their magnitudes and points of connection, obtain the current distribution other 
than the sinusoidal one. The experimental results presented in [29] show that a 
radiator with linear in-phase current distribution along its axis has good 
characteristics (high matching level, the pattern of necessary shape) in a wide 
frequency range. In particular, such distribution is created by capacitive loads, the 
capacitances of which decrease towards the antenna ends under the exponential 
law. These results confirm the known fact that the radiation maximum in the 
direction, perpendicular to the radiator axis, is attained, if the current is in-phase 
along the entire length of the antenna. Besides, with the in-phase current, a long 
radiator has high radiation resistance, which allows increasing the matching level. 

The problem of selecting loads to create almost linear in-phase current 
distribution in the radiator is considered in Chapter 6. The analysis is based on the 
impedance antenna theory, more precisely, on the impedance long line method. It 
allows determining potentialities of radiators with loads. In addition, one can use 
the results obtained with the help of the method for the solution of the antenna 
optimization problem by the mathematical programming method. 

The mathematical programming method [30] enables to choose the loads for 
creating an antenna with given characteristics, or more precisely, with the 
characteristics as close to the given ones as possible. The reservation is due to the 
fact that the variation interval of radiator parameters is bounded, i.e., not every 
value of antenna electrical characteristic can be realized practically. Different 
characteristics are at the optimum at different values of parameters. Moreover, an 
antenna should exhibit certain properties not at a single fixed frequency, but in the 
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entire operation range. Therefore, the selected parameters are a result of a 
compromise, reached with the help of the mathematical programming method. 

The problem of mathematical programming in the general case is stated as 
follows: one has to find vector xof parameters that minimizes some objective 
function F (x) under imposed constraints $ (x) > 0 . Depending on the type of 
functions F (x) and </>. (x), mathematical programming is divided into linear, 
convex and nonlinear ones. In the case at hand, the problem is solved by nonlinear 
programming methods, since the type of function F (x) is unknown. 

The objective function (or general functional) is a sum of several partial 
functionals F j (x) with weighting coefficients p } and penalty function F ip : 

A*)=2>/;(*) + 2X- < 3 - 26 > 

j i 


The partial functional is an error function of some or other antenna characteristic. 
The weighting function allows taking account of the characteristic being 
important and the sensitivity of a partial functional to vector x changes. A penalty 
function is zero, if the parameters he within given interval, and has a great value, 
if even just one of parameters falls outside the interval limits. 

For an antenna with loads (see Fig. 6b), controlled parameters x are load 
magnitudes, coordinates z n of their connection points and the wave impedance W 
of the cable. Loads are understood as simple elements or a set of simple elements 
(capacitors with capacitance C n , coils with inductance A ); and resistors with 
resistance R n ). Values z n , W, C n , A ;j and R n are to be real-valued, positive and 
frequency-independent, and z n are to be smaller than antenna length L. These 
requirements, naturally, limit the variation interval of parameters. 


Different manners of an error function construction are known. Good results are 
produced by quasi-Tchebyscheff criterion 


F M) = 


N f 


f, 


j o 


fj min (*) 


J V 

(fjo/fj(x))-l 

s' 
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_ n f 




(3.27) 
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Here, N f is the number of points of the independent argument (e.g., the number of 
frequencies in given range), n f is the frequency number, /. (x) is one of an 
antenna electrical characteristics, f jmm (x) is its minimal value in the considered 
interval, f jQ is the hypothetical value of the characteristic that is to be 
approached, S is the index of power allowing to control the method sensitivity. 

The choice of function/, (x) depends on the stated problem. When a wide-range 
radiator is created, one must use, for functions /. (x), e.g., the travelling wave 
ratio ( TWR ) in the cable and the pattern factor (PF), equal to the average level of 
radiation at given angles: 

In 1 K 

TWR = - , ; 2 2 2 , PF = - 2 m)■ (3-28) 

a" + b 2 +\ + sJ(a~ +b +1) -4a“ K k=i 


Here a = R A /W, b - X A /W are, respectively, the active and reactive components 
of antenna impedance referred to the cable wave impedance, and F (9 k ) is the 
magnitude of normalized pattern in the vertical plane for angle 9 k within the 
limits of angular sector from / to 0 K (e.g., from 90° to 60°). If resistors with 
resistances R n are used as loading elements, the above functions /. (x) are 
supplemented with the antenna efficiency 


9 a =1 


1 

ARa 


N 


(3.29) 


where N is the number of loads, J and J , are the currents in the nth load and in 
the antenna base, respectively. 

In the cases, when no analytical expression for observation function F(x) is 
available, the function minimum is found by a numerical method based on 
searching by the gradient. The gradient method is an iterative procedure, whereby 
we move step by step from one set of parameters x to another one in the direction 
of the maximum decrease of the function (the steepest descent method): 

4 + i =4 - a m gradF (/,). 


(3.30) 
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Here m is the iteration number, a m is the scale parameter, determined as a result 
of a linear search of the functional minimum in the antigradient direction. 

At iteration, the minimum of the functional and the values of parameters, where it 
is attained, are determined. It is in essence searching for the minimum of a 
function of one variable, a. The method with increasing the step ( e.g ., with 
doubling it) and subsequent function interpolation in the considered interval by a 
polynomial of the given power is the most rational. It is convenient to use the 
cubic interpolation, since the number of interpolation nodes is large enough 
(four), and the root of the derivative (the value of a, causing the derivative to 
vanish) is found analytically. If the first step results in an increase, rather than 
decrease, of the observation function, the step should be reduced by a factor of 10'’, 
where p — 1, 2..., whereupon the linear search continues again with a step 
doubling. 

A modification of the steepest descent method is that of the conjugate gradients. 

The calculation is over, when the decrease of the observation function from 
iteration to iteration becomes smaller than a preset value or the quantity of 
iterations exceeds certain limit (m > M). 

The mathematical programming method (synthesis) presupposes multiple 
computations of the antenna electrical characteristics at different initial 
parameters (analysis). Performing such calculations requires including a special 
program into the synthesis software. It allows detennining, at given loads and 
exciting emfs, all electrical characteristics of an antenna, i.e., calculating 
functions /. (jc) for known vector x of initial parameters. 

The most laborious in the calculation is that of self- and mutual impedances 
between short dipoles (see Section 2.5). Therefore, in order to speed up the 
calculations, it is expedient to fix points of concentrated load connections, so that 
the location of short dipoles and their mutual impedances may not vary from 
iteration to iteration. If there are rather many loads, i.e., the distances between 
them are small in comparison with the wavelength, the restriction will have no 
effect on the synthesis results. 
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As the initial values of the loads, those found by the method of an impedance long 
line (see Chapter 6) are taken. The results of calculations show the computational 
process in the case to speed up. But of most importance is the reduction of the 
probability of the error due to the fact that the arbitrary choice of the initial loads 
may cause the optimization process to come to a local, rather than true, extremism 
of the observation function. 

The synthesis program can be applied also to determining loads with providing 
the required current distribution along the radiator. The point is that the problem 
in the synthesis of antennas with given electrical characteristics is often broken up 
into two stages: the distribution of current is calculated at the first stage, and 
antenna parameters securing such distribution are determined at the second stage. 
The first stage has been investigated adequately. It covers a wide class of 
problems (the above problem of creating a wide-range dipole is one of possible 
variants). The second stage of synthesis has received far less attention. 

In principle, if the required current distribution along a wire antenna is known, 
one can split the wire into short dipoles and set currents / at the centers of these 
dipoles. For piecewise-sinusoidal basis functions, they are equal to the currents at 
the corresponding antenna points. Loads magnitudes Z s , which one must connect 
at these points to establish currents /, thereat, are determined from equation 
(2.71). 

But the loading impedances calculated by the approach, include both active and 
reactive components, varying with frequency. The active component of load 
impedance may prove to be negative, which is an evidence of impossibility to 
create such distribution with the help of passive loads. As to the reactive 
component, it is still necessary to solve the problem of its implementation over 
given frequency range with the help of a set of simple elements. 

Therefore, it is expedient to consider the problem of creating an antenna with the 
chosen type of loads that, in the desired range, ensures not the given current 
distribution, but the one as close to it as possible. The problem, as well as the 
treated earlier problem of creating a wide-range dipole, is solved by the 
mathematical programming method. 
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Let it is necessary to obtain current distribution/(z) . In the case, it is expedient 
to use for functions /. (x) (the electrical characteristics of an antenna) either both 
real and imaginary current components 

f=ReJ(z,f), f 2 =lmJ(z,f), (3.31) 


or the amplitude and phase of the current: 

fz =\j{z,f)\,f A = tan _1 [lm(z,/)/Re(z,/)]. (3.32) 


Construct an error function for each electrical characteristic using, e.g., a root- 
mean-square criterion 


1 N f N, 

^ f 1 ' l l n f =1 n, =1 


(3.33) 


where N f and N t are the number of frequencies and division points on the wire, 
n f is the frequency number, n, is the point number along the antenna. 

Functions /. (x) for a known vector of initial parameters are calculated with a 
special program. As the initial parameters, the values found by the method of an 
impedance long line are taken. The results of using this and the mathematical 
programming method are considered in Chapter 6. 

3.4. COMPENSATION METHOD 


The compensation method was proposed to protect living organisms and devices 
against strong electromagnetic fields in an antenna near region. The protection of 
devices is necessary, since the irradiation of nearby devices can disrupt their 
nonnal operation, cause spontaneous device switching on and switching off, 
change operating regimes, etc. The protection of living organisms is required, 
firstly, in the vicinity of powerful transmitting centers where the electrical field 
strength is great, and, secondly, near mobile equipment in the transmitting mode, 
which is located next to the user. A cellular phone is, in particular, such a device. 
During a phone conversation, it is placed next to user’s head, and its transmitter 
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irradiates sensitive human organs (brain, eye, etc.). But the problem is not limited 
to the cellular phones, since a man often uses or services a low-power transmitter, 
which he carries or places nearby in a production area or in a vehicle. 

Along with the proliferation of mobile communication systems, there has been an 
increasing concern about possible hazards to the user’s body, especially to the 
head, while exposing it to the irradiation by a handset antenna. The absorbed 
energy in today’s cellular phones can be as high as a half of all radiated energy. In 
order to minimize any possible health risk, it is necessary to reduce the amount of 
that energy. The specific absorption rate (SAR) is commonly used to evaluate this 
energy level [31]. 

The rather obvious idea of head protection by means of screening, i.e., by shading 
effect, is not practicable. The near field has no ray structure, and hence the 
shadow fonned behind a metal screen can only cover an area approximately equal 
to the screen size. For example, in order to protect the head of the cellular phone 
user, the screen must be much larger than the cross section of the handset housing. 
For similar reasons, one should discard the idea of using an absorber, i.e., a 
dielectric shield that absorbs some part of energy. The distortion of the antenna 
pattern is another obvious disadvantage of using screens and absorbers. 

The protective action of the compensation method proposed by M. Bank [32] is 
based on a different principle: the mutual suppression of fields created by various 
radiating elements in a certain area. The diverse variants of the principle 
implementation (interference of two radiators fields, folded antenna, and cavity 
antenna) possess a potentiality to reduce irradiation of user’s organism, especially 
his head, without distorting the antenna pattern in the horizontal plane. In 
accordance with the key variant of the compensation method, as shown in Fig. 8, 
main radiator 1 is supplemented with second (auxiliary) radiator 2 situated in the 
plane passing through the head center and the feed point of the main radiator. The 
second radiator is placed between the head and the main radiator and is excited 
approximately in anti-phase to it (not exactly in anti-phase because the phase of 
the field progresses along the interval between the radiators). So, the radiator 
fields will compensate each other at a certain point inside the head, and the point 
will be surrounded with a zone of a weak field - a dark spot will arise. 
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The dipole moment of the additional radiator must be smaller than that of the 
main radiator, since the field close to an electrical radiator decreases quickly. In 
order to get the same field strengths at the compensation point, if the currents 
differ substantially, it is enough to space the radiators by about a few centimeters 
(1-2 cm at frequency 1 GHz). Therefore, the total far region field differs slightly 
from the main radiator field, i.e., the pattern stays close to circular. The relatively 
small field of the additional radiator ensures that the total field in the far region is 
almost unaffected by the presence of the additional radiator, and the pattern 
remains close to one in the no-compensation condition. 



Figure 8: Two radiators next to the head. 

The diagram of Fig. 9 giving the linear radiator placement near the human head is 
the main one in the use of compensation method. As seen from the Figure, feed 
point A x of the main radiator and compensation point A are located along the 
horizontal straight line passing through head center O. Onto the straight line, we 
place feed point of the additional radiator, at distance b from the main one. 
Assume that both radiators are vertical and have equal lengths and the cylindrical 
coordinate system origin coincides with point A 1 . Inside the head at compensation 
point A (at distance p Q from point A 2 ), the fields of both radiators must be equal 
in magnitude and opposite in sign: 

E z2 (b + p 0 ,0,0) = -E z] (b + p 0 ,0,0). (3.34) 

As linear radiators with finite lengths, one can employ dipoles and monopoles 
(with one and two feed points). The preferred variant is the monopoles with a feed 
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point in their base. Linear radiators create two electric field components: E_ and 
E . If a straight perfectly conducting filament is used to model a vertical linear 
radiator, the electric field components of a symmetrical vertical electrical dipole 
of finite length in cylindrical coordinate system ( p,(j),z ) are given by (1.31) and 
(1.32). The field components of a monopole of the same arm length are smaller by 
a factor 2. Similar expressions hold for the additional radiator. 

As can be seen from (1.31) and (1.32), the simultaneous compensation of bothff, 
and E field components by adjustment of the additional radiator current J A2 is 
impossible. Since E_ is greater than E , and E p along the p -axis (atz = 0) is 
zero, we prefer to compensate the E z components. 


Z 


M(p,<p,z) 



Figure 9: The diagram of phone radiator placement close to a human head. 

We assume the feed point A ] of the main radiator and the compensation point A to 
he on a horizontal straight line passing through head center O. The line is defined 
as the structure axis. In this case, feed point A 2 of the additional radiator must also 
he on the structure axis (see Fig. 9). Under these conditions, component E_ of the 
main radiator in a homogeneous medium with relative permittivity £ r is 
determined by (1.31), and p x - p. For the additional radiator, a similar expression 
can be written, with p\ = p\ +b 2 - 2p x b cos </> (Fig. 10 ). For simplicity sake, we 
assume the both dipoles arm lengths to be the same. 

Find the current and the input impedance of the radiator, situated in the near 
region of the neighboring radiator. If the emf is connected in the input of the first 
radiator, the circuit appears, as shown in Fig. 11 . The radiators are the monopoles 
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with finite lengths, R x and R 2 are the internal impedances of the generators: R l is 
the output impedance of the first generator; R 2 is the impedance at the second 
generator no-excitation input (or at the input of a cable leading to the generator). 
Generally R x = R 2 = R. 

The calculation method for a system with two linear radiators is based on the 
folded dipole theory and on the superposition principle. Connect two voltage 
generators, equal in magnitude to ej 2 and opposite in direction, in a base of the 
right radiator. We also divide the main generator into two generators, the same in 
magnitude and in direction. According to the superposition principle, the current 
at each point is the sum of the currents produced by all generators. Therefore, as 
shown in Fig. 12, one can divide the circuit in question into two circuits with two 
generators in each one and then calculate and add the currents at points C and D, 
produced in each of the circuits. This procedure allows analyzing the antenna 
system as a superposition of two sub-systems with in-phase currents (even mode) 
and anti-phased currents (odd mode). 

Let the wires of the first circuit carry only anti-phased currents (odd mode), that is 
currents, equal in magnitude and opposite in direction; the two parallel wires 
acting as an open-ended transmission line with the load 2 R in the base. Let the 
second circuit carry only in-phase currents (even mode), i.e., the potentials of both 
wires points situated at the same height (including the radiator bases) are 
identical. For that end the generator emf s in the wire bases of the second circuit 
must be equal, if the wire radii are equal. In this case, the parallel wires act as a 
monopole with resistance R/2 between the generator and the ground. 

For the two-wire line, we can write 

e x =J,(Z,+2R), (3.35) 

where J, is the current in the line base, Z, =-jW l cot kL is the input impedance 
of line with length L, W, =1201n(b/«) is the line wave impedance, b is the 
distance between the wires, and 2 a is the diameter of each wire. The current at 
point C is J cu = e x Y x , and the current at point D is J m = -e, Y x , where 
Y x = {/[-jWj cot kL + 2R). 
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Figure 10: Two linear radiators in cylindrical coordinate system (top view). 


^2 



Figure 11: Two radiators in the near region of each other. 

For the monopole, we can write 

e { /2 = J r (Z r + R/2), (3.36) 


where J r is the current at the monopole base, and Z r = Z m (L,a e ) is the input 

impedance of the monopole with length L and equivalent radius a e , equal to yfab . 
The currents at points C and D are the same and equal 

Jar = Jmr = e,/(4 z r + 2R) = e x Y 2 , (3.37) 


where Y 2 = l/[4Z m (L,a e ) + 2R~\. 
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So, if emf e t is connected in the first radiator input, the currents in the first and 
the second radiator bases are 

J n =e x {Y x +Y 2 ), J 2X = e l (-FJ + Y 2 ) . (3.38) 

If emf e 2 is connected in the second radiator input, so, similarly to (3.38), the 
currents in the first and the second radiator bases are 

J\ 2 = (-Y, + Y 2 ), J 22 = e 2 (Y t + Y 2 ). (3.39) 

According to the superposition principle, the terminal currents of the radiators are 

JA2 = ( e 2 — e \ ) ^1 ~^{ e i + e 2 ) ^2 ’ 

JA\ ~ 1 "t" Jfl ~ ( e i ~~ e 2 ) ^1 (&\ + s 2 ) Y 2 . (3.40) 

The input admittances of the radiators are 

Y M =JJe,=Y l + Y 2 +e 2 (Y 2 -Y,)fe„ 

Y A2 =J A2 /e 2 =Y, + Y 2 +e,(Y 2 -Y l )/e 2 . (3.41) 


A\ 


\© 


D 


A i 


A 2 


A 1 A 2 



RJ2 



Figure 12: Division of the considered circuit into two circuits. 


As is well known, the current and the input impedance of a radiator are affected 
significantly by the neighboring radiator currents. For a system of two radiators 
one can write 
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e \ J A\^\ 1 + J A2^\2 ’ e 2 J A\^2\ + ^A2^. 


22 • 


(3.42) 


Here, e } and e 2 arc the driving emfs connected, respectively, to the terminals of 
the first and second radiators, Z n andZ 22 are their self-impedances, andZ 12 and 
Z 21 are their mutual impedances. Either expression in (3.42) is a Kirchhoff 
equation corresponding to a series connection of circuit elements. 


The expression in (3.42) can be rewritten as 




e 7 
^1^22 


-e 7 
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(3.43) 


that is, the current in each radiator is the sum of the currents produced by both its 
own generator, and the generator of the neighboring radiator (because of the 
mutual coupling between radiators). The ratio of the currents depends on the level 
of mutual coupling between the radiators, which is determined by their 
dimensions and position. 


Comparing (3.38)-(3.39) with (3.43), one can determine the radiator self- and the 
mutual impedances (for wires of equal radii). Considering that 


Jn= - + - 4 = =e,(r ; -iO, 


7 7 -7 
^11^22 ^12 


7 7 -7 
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Jn= - f Z|2 , 2 =e 2 (y 1 -Y,),j ll = - = e ,(y 2 -r): 
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we obtain: 


7=7 Y + Y 

^11 Z> 22?'M ^ 1 2 



Y-Y 

’ 1 1 1 2 



(3.44) 


Adding and subtracting the left-hand and right-hand parts of last two expressions, 
we find: 


2F 1 =1/(Z 11 -Z 12 ),2F 2 =1/(Z u +Z 12 ), 
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that is, 


Z\\ +Z 12 =\/{2Y 2 ), Z n -Z 12 =\/{2Y x ) . 


and consequently 

1 = Z 22 = 0.25 (1/7, + \/Y 2 ) = Z m ( L,a e ) - J0.25W, cot kL + R, 4 

Z 12 = 0.25(l/7 2 - \/Y t ) = Z„ (L,a e ) + j025W l cot kL. 

One can see from (3.45) that the close proximity between the radiators results in 
an additional tenn of each radiator self-impedance. This is in contrast to the self¬ 
impedance of a single radiator. The additional term corresponds to the two-wire 
line, in spite of the fact that the second wire is not connected to a generator. Since 
the second radiator wire is situated near the first wire, at a small distance 
compared to the wavelength, its effect is similar to connecting a load in the first 
wire, e.g., a reactance or a horizontal wire segment. That is, the second wire is a 
concurrently part of the first radiator. A similar approach is valid also for the 
second radiator and for the mutual coupling between them. 

The presented analysis shows, on what input impedances of both radiators depend 
and to what extent they change. It confirms the feasibility of the proposed device. 
The results of calculating the shape and dimensions of dark spots and the data on 
the reduction of power dissipated in the user’s head, caused by mounting a 
compensation device, are given in Chapter 7. The additional radiator influence on 
antenna patterns is checked, calculations and experiments are compared. 
Recommendations for special cases of dark spots positions are given. A circuit 
pennitting to create the dark spot nearby the transmitter during its operation in a 
wide and continuous range rather than at one or two fixed frequencies (as in the 
cellular phone) is proposed. 

3.5. RECIPROCITY THEOREM FOR A REFLECT ARRAY 

In the theory of antenna arrays, the issue of calculating steps of field amplitude 
and phase in a signal reradiating has long remained open. This problem is 
resolved if one applies the reciprocity theorem to the analysis of a relationship 
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between the fields incident onto an array element (single radiator) and reflected 
from that element. 

At incidence of an electromagnetic wave on a flat perfectly conducting metal 
surface, it is known that the wave is reflected at an angle equal to that of 
incidence, the amplitudes of the incident and reflected fields are identical, and the 
wave phase changes in a stepwise fashion by n. However, when a metal surface is 
replaced with a system of radiators, e.g., with a linear equispaced array, the 
direction and the phase of a reflected field could be essentially changed, because 
they depend on parameters and electric characteristics of a separate radiator. 

An example of such structure is the in-phase reflective array (Fig. 13a). It is a flat 
equivalent of a parabolic reflector. The structure consists of primary feed 1 (e.g., a 
hom) and an equispaced array of secondary microstrip radiators 2, situated in one 
plane along surface 3. In order to sum up for the secondary radiators signals to 
add up in the direction, perpendicular to the array plane, their phases should be 
identical. Since distances r (/' is the reradiator number) between the feed and an 
arbitrary reradiator are not identical, this results in a phase path difference, which 
should be compensated with a phase step in the signal reradiating. 

The method for calculating the phase step of the reflected field in comparison 
with the incident field phase in the signal reradiating can be constructed on the 
basis of the reciprocity theorem. 

The reciprocity theorem for two antennas (see, e.g., [14]) states: if emf e a applied 
to the terminals of antenna A establishes current I b at the input of an antenna B 
(Fig. 14a), then equal emf e b applied to the tenninals of an antenna B will create 
at the input of an antenna A the same current I a (Fig. 14b), i.e., 

4 / e a = Y ab = Y ba = 1 a / e b » ( 3 - 46 ) 

where Y ab = Kjexpf/V/i^) and Y ba = ^Jexpf/V/yJ are the mutual admittances 
between antennas. It follows that 


fiab ~ ^'ba ’ 


( 3 . 47 ) 
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i.e., the difference of phases between the exciting emf and the current excited in 
an adjacent antenna is the same in both cases. 





Figure 13: Reflect array with the radiation direction perpendicular to the array plane (a) and with 
the radiation in any desired direction (b). 

In our example incident field E a acts as a signal source instead of the antenna A 
with emf e a . Introduce into the circuit a field’s source - antenna A excited by the 
generator e a with infinitely high output resistance. Usually, a linear antenna is 
thought as the aggregate of elementary dipoles with appropriate currents, and the 
radiation field phases outstrip the current phases by 7t/2. The phases difference 
between the current I h and emf e a is (see Fig. 14a) 


tb = Ai +4 +4 +4 > ( 3 - 48 ) 

where <f) u is the phase shift between the current in the antenna A and emf e a (in 
this case it is absent), (f) ]2 is the phase shift between the radiated field E a and the 
current in the antenna A (it is nf 2), t/> u is the phase shift due to the distance 
between antennas, (/) u is the phase difference between current I b and field E a , 
that is 
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014 


(3.49) 


The other source of a signal is the current in antenna B (rather than emf e h ), which 
creates the reflected field E b . 

A current distribution along the receiving antenna differs from that along a 
transmitting antenna. One should think of antenna B as the aggregate of 
elementary dipoles, each of which is excited by its generator. The currents in the 
dipoles create the in-phase fields. Let the current in the middle dipole (at the 
antenna center) be excited by the generator e b ; it is equal to the product of emf e h 
and the dipole admittance. Since the dipole impedance is capacitive in effect, the 
current phase outstrips the emf phase by;r/2. That assertion holds true for other 
dipoles of the antenna B. Accordingly, the phase difference between current I a and 
emf is equal (see Fig. 14b) 


06a 021 022 023 0 24 ’ 


(3.50) 


where </> n is the phase shift between the current in antenna B and emf e b (in this 
case it is tt/2 ), (j) 22 is the phase difference between field E b and the current in 
antenna B, <j> 12 is the phase shift due to the distance between antennas (it is tj) u ), 
(/> 24 is the phase shift between the reflected field E b and current I a (it is zero, 
since the input impedance of antenna A is infinitely large), that is 


022 0Zw 013 • 


(3.51) 
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Figure 14: The reciprocity theorem: (a)-antenna A radiates, (b)- antenna .5 radiates. 







100 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


In accordance with the equation (3.47), this implies that the increment of the 
phase of the receiving antenna current compared with that of the incident field and 
the increment of the phase of the reflected field compared with that of the 
receiving antenna current are identical in magnitude. 

As to the amplitudes of incident \E } and reflected \E 2 \ fields, since the total 
tangential component of both fields on a perfectly conducting metal surface is 
zero, then at the reflection point 

\E 2 \ = \E { | cos y cos 8 , (3.52) 

where y is the angle of ray incidence onto an antenna, 5 is angle of reflection. 

The realistic variants of reflect arrays are considered in Section 8.3. 
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CHAPTER 4 


Self-Complementary Antennas 

Abstract: The performance of a slot antenna situated on infinite conic metal surface 
with circular cross-section is shown to be similar to that of situated on the infinite flat 
metal surface. The proof is based on the transition from a T-shaped magnetic radiator to 
a double-sided slot cut in the mentioned surface. If, to simplify the design, metal and 
slot radiators are placed along the regular pyramid sides, the antenna performance 
changes but remains close to that of the self-complementary antenna. Flux density 
distribution over long line cross section is analyzed. The transition from the parabolic 
problem to the flat one is done. 

Keywords: Complementary principle, Directivity of 3-dimensional radiator, 
Duality principle, Double-sided slot, Electric E-shapcd radiator, Finite dimensions 
of the radiator, Flux density distribution over long line cross section, Magnetic V- 
shaped radiator, Metal sheet as a set of divergent wires, Parabolic long line, 
Parabolic problem, Phantom model, Phantom vessel shape as an example of a 
parabolic surface, Pyramid-shaped volume radiator, System of parabolic 
coordinates, Three-dimensional radiator, Transformation of variables, Transition 
from a paraboloid to a cylinder, Two slot antennas on curvilinear metal surfaces. 

4,1. THREE-DIMENSIONAL RADIATORS 

The structure of two convergent charged shells of angular width 2 a situated 
along the surface of a circular cone with angle 26 0 at vertex (see Fig. 3a) was 
considered in Section 3.1. It is excited by a generator placed at the cone vertex. 
One can treat this structure, on the one hand, as a two-wire line, and, on the other 
hand - as an antenna. The antenna is a symmetrical E-radiator, with the arms 
shaped as two convergent metal shells situated along the surface of the circular 
cone. Finally, one can interpret the structure as a slot antenna cut in the conical 
screen. 

As it was shown, if the structure length is great, the impedances of the metal and 
slot radiators with the same angular width, i.e., identical in the shape and 
dimensions, are related by (3.14). If the width of each shell and of the interval 
between them is equal to n/2 , then expression (3.15) is valid. 
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Equality (3.14) coincides with expression for input impedance Z s of an arbitrary 
slot antenna, which is cut in a flat perfectly conducting metal screen of infinite 
dimensions and infinitesimal thickness (Fig. 1). It shall be recalled that Z R in the 
expression is the input impedance of a metal radiator, with the shape and 
dimensions coinciding with those of a slot. 



Figure 1: Flat slot antenna. 

The expression for the input impedance of a slot antenna cut in a flat metal screen 
is determined by two methods: by means of the duality principle [33-36] and by 
means of complementary principle [37]. In particular, one of the creators of self- 
complementary antennas Prof. Mushiake describes his results in [36]. It was 
shown in Section 3.1 that it is valid not only for a slot cut in a flat screen, but also 
for a slot cut in the circular cone. 

The complementary principle stems from an interrelation between scattering 
properties of the metal and slot radiators of the same shape and dimensions. The 
particular case of the interrelation occurs, when the metal radiator and identical slot 
radiator fill the entire plane. In this case, the structure is termed self-complementary. 
The variants of flat self-complementary radiators are shown in Fig. 2. 


As noted earlier, impedance Z s of the slot (magnetic) radiator and impedance Z R of 
the metal (electric) radiator, identical to the slot in shape and dimensions, are the 
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same in the case of the self-complementary structure, i.e., the equality (3.15) holds 
independently of the structure kind and the operation frequency. Therefore, the 
structure has the constant and purely active input impedance in a wide frequency 
range. The fact that such structure needs not be necessarily a flat one is noted in [38], 
namely, if the angular width of a metal strip and a slot in the case of the double-start 
helix are the same, one may speak of the self-complementary structure, bearing in 
mind the identity of surface area covered by the metal shell and free of it. 

In the general case, the expression (3.14) is valid for the input impedance of a 
symmetrical double-sided slot antenna of an arbitrary shape and dimensions, 
situated on a circular metal cone of an infinite length and excited at its vertex (Fig. 
3). Let us use the duality principle for its derivation and consider a symmetrical 
magnetic F-shaped radiator (Fig. 4a) situated in a free space. Its radiation 
resistance R M is related to the radiation resistance R E of an electrical radiator, 
similar in shape and dimensions, by expression 

R M =(mxf/R E (41) 

The expression is well known. It follows from comparison of the powers radiated 
by both antennas. If one compares the oscillating powers of both radiators, we 
shall obtain, similarly to (4.1), 

Z m = (l20?r) 2 / Z E , ( 4 . 2 ) 

where Z M and Z E are the input impedances of the magnetic and electric radiators, 
respectively. 


Let us pass from the magnetic F-shaped radiator to a slot antenna. For this end, 
we shall divide each arm of the magnetic radiator with a conic metal surface (of a 
circular cross section) passing through their axes. Since the shape of magnetic 
lines of force coincides with that of the surface, the radiator field undergoes no 
change as a consequence of the metal surface insertion. Actually, one can show 
that surfaces of field strength, along which the lines of force pass, are the circular 
cones. The axis of one cone coincides with bisector of the angle between arms of 
F- shaped radiator. 
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Figure 2: Flat self-complementary structures. 



Figure 3: Symmetrical slot antenna on a circular cone. 

The insertion of the metal surface divides the magnetic radiator into two ones 
situated on its either side (inside and outside of the conic spatial angle). Since this 
does not change magnetomotive force e M exciting the radiator and the oscillating 
power created by the radiator 

P = e M J M 5 ( 4 . 3 ) 

the share of magnetic current J M in each newly formed radiator is equal to the 
share of the power radiated into each subspace. To be definite assume that m is the 
power share in the smaller subspace (inside the cone) and 1 -m is the power share 
in the greater subspace. The input admittance of the magnetic radiator located 
inside the cone is 
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Y i = e M /( mJ M ) = Y/m 

where Y = 1 /Z m is the total admittance of the original radiator. 


Let the cross section of the magnetic radiator with current mJ M be shaped as a 
curvilinear rectangle with the sides b and a, andb^a (Fig. 4b). The greater side b 
is parallel to the metal surface and is arc-shaped. Such radiator is equivalent to a 
one-sided slot of width b. (It is necessary to note that the value of b changes along 
the slot axis.) The second radiator is equivalent to a similar one-sided slot with 
current (l - m)J M . Its input admittance is 

Y 2 = Cm /[(! - m ) J ,r ] = Y/(l ~ m) (4 5) 




Figure 4: Magnetic F-shaped radiator (a) and double-sided slot (h). 


If one changes both slots to a single double-sided one and takes into account that 
its admittance is equal to the sum of both slot admittances, then 

n = r, + r, = y/K \-m)] 


(4.6) 
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The input impedance of the double-sided slot is 

Z, = 1 lr, 

or, taking into account (4.2) and (4.6), 

Z, = m( 1 - m)Z M = (120tt) 2 m( 1 - in )/Z E . (4 _ ?) 

In the particular case of a straight magnetic radiator, the conical surface becomes 
a flat one and divides the space to two equal halves. Accordingly, the current 
share in each of the newly formed radiators is equal to m = 1/2 , and equality (4.7) 
transforms to expression (3.14). 

In the case of the self-complementary structure, the metal and slot radiators are 
identical in the shape and dimensions. And so 

Z = Z,„ = 1207T Jm(\ - m) 


i.e., the volume self-complementary structure has the properties similar to those of 
the flat structure. It has the constant and purely resistive input impedance, which 
ensures a high level of its matching in a wide frequencies range. 

The performed analysis shows that a choice of the surface to place the self¬ 
complementary radiation structures is not arbitrary. This surface is a circular cone, 
which transforms in the limiting case into the plane. 

The shape of a metal and slot radiator situated at the circular cone may be 
different - similarly to that of flat radiators (see Fig. 2). The simplest shape 
results, if the slot edge coincides with the cone generatrix. 

4.2. ACTUAL ANTENNAS ENERGY FLUX THROUGH A LONG LINE 
CROSS-SECTION 


The flat asymmetrical antenna shaped as a triangular metal sheet suspended on 
two grounded metal supports (Fig. 5a) is an example of the self-complementary 
radiator. The triangular sheet consists of wire divergent from the lower triangle 
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apex (from the feed point) at equal angles. The angle at the apex is equal to njl. 
It is easily verified that with allowance for a mirror image, the described antenna 
is a symmetrical flat radiator composed of metal and slot radiators, with the same 
angular width of both radiators being Ttj'l. 

Symmetrical variant of such radiator (Fig. 5b) is used as stand-alone horizontal 
antenna and as an element of an antenna array. 

Antennas presented in Fig. 5 differ from structures in Fig. 2. Firstly, they have 
finite dimensions: the metal radiator is limited from the top by the horizontal wire, 
and the slot radiator is limited on both sides by vertical shunts realized in the 
shape of grounded metal supports. Secondly, a metal sheet is not made of a solid 
plate, but as a set of wires divergent from the feed point. For this reason, it is 
difficult to accomplish the identity of the shape and dimensions of the metal 
radiator and the slot near the feed point. Approximate coincidence of dimensions 
limits the frequency range from above. From below, it is bounded by the arm 
height of the radiator. If the arm is 0.25 A and higher, the standing wave ratio 
(SWR) in the feed cable is lower than 2.0. The flat self-complementary antenna 
can ensure this SWR in the range with the frequency ratio greater than 20-30. 



Figure 5: Asymmetrical (a) and symmetrical (b) variants of flat self-complementary antenna. 

Three-dimensional antenna (volume radiator) constructed to the same principle is 
shown in Fig. 6a. Here, the metal sheet is located at a sharp angle to ground along 
the surface of the circular cone. This permits to increase the arm length of the 
radiator at the same height of supports, i.e., extend the range to low frequencies. 
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At the same time the antenna directivity increases, the antenna radiation 
intensifies in the direction of the sheet inclination. For the dimensions of metal 
and slot radiator to coincide, the distance between supports must be twice their 
height. Then, vertices A and B and their mirror images coincide with the vertices 
of regular quadrangle (square). 

To simplify the design, the ann of a metal radiator can be taken in the shape of a 
flat triangle, with the wires located along a pyramid side (see Fig. 6b). In this 
case, in contrast to the Fig. 6a the metal and slot radiators are not located along a 
smooth conical surface, the structure is no self-complementary, and the 
expressions (3.14) and (3.15) are invalid. But in the range of decameter waves and 
at lower frequencies it is easier to implement a radiator located along the pyramid 
sides than a conic radiator. 


The analysis of the structure can be perfonned by the method used in Section 3.1 
in order to calculate the input impedances of metal and slot radiators in terms of 
wave impedance of the infinitely long uniform line. Consider a pyramid of the 
rectangular cross section, with two metal sides (shaped as flat cones) and two air 
sides (Fig. 7). A flat cone differs from the triangular plate in that the base of the 
isosceles triangle is replaced with an arc of circumference with the center at 
vertex O of the pyramid. 


Find input impedance Z R in terms of the expression for the wave impedance of a 
line formed by two flat cones with angle 2 a at the vertex, which are placed in the 
planes located at angle 2/? to each other [38]. The expression coincides with 
(3.11), and 


k = 


ft 

1 - sin a 
v l + sin/? 


\ TtliP 


(4.9) 


and angles a and /3 are related by the equation 
tana/sin/? = b[d 


(4.10) 
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where b is the plate width in given cross section, and d is the distance between 
plates (see Fig. 7). 

The wave impedance of a two-wire long line formed by two flat cones, like that of 
a conical line with circular cross section, is defined by the angles at its vertex. It 
depends on the relation between magnitudes b and d, which is constant along the 
long line and independent of the absolute values of these magnitudes. This means 
that the line is also uniform, and that its input impedance tends to the wave 
impedance with increasing line length. 



Figure 6: Antennas located on the circular cone (a) and on the pyramid ( b ). 



Figure 7: Placement of radiators along the pyramid sides. 

As seen from the presented expressions, quantity W is a function of two 
arguments: the ratio b/d and angle or. If, for example, b/d = 1, the change of or 
from 15 to 30° (and, accordingly, the change of jd from 15.5 to 35.3°) causes the 
wave impedance to increase from 42.5 n to 45 n , i.e., Z m = Z s = (42.5 - 45);r . 
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If bjd = 5, = 15°, then Z R = \2.1n. In this case, Z s is equal to the input 

impedance of a metal radiator situated side by side with the slot. For a metal 
radiator with bjd = 1/5 , angle (3 is found from the expression tan ///tan;/ = djb , 
where y = 15° (since at the interchange of b and d, angles // and y follow suit). It 
is easily verified that /? = 53.3°, wherefromZ s = 105;r , i.e., Z R Z S = (36.6 k) 2 . 

The calculations have shown the product Z R Z S to depend on the rati ob/d, but be 
always smaller than (60;r) 2 . 

The radiators of infinite length situated at the cone and pyramid with the same 
angular width of the metal shell and the slot have the constant and purely resistive 
input impedance, which permits to secure a high level of matching in an unlimited 
frequency range. In the case of finite dimensions of such radiator the frequency 
range is limited, but remains rather wide. 

It is necessary to note the essential drawback of the flat vertical antenna. At 
frequencies, where the antenna height exceeds 0.7/1, the main lobe of the vertical 
pattern deviates from the perpendicular to the antenna axis (deviates from the 
ground). This effect limits the antenna frequency range from above. 

In the case of a thin radiator, one can extend the antenna frequency range, if one 
connects in it lumped capacitive loads permitting to create the in-phase current 
distribution along an antenna wire. Here, one may proceed in a similar manner. 
The capacitive loads in a flat triangular metal radiator can be shapes as horizontal 
slots. For the shape and dimensions of a triangular slot radiator to coincide with 
those of the metal one, it is necessary to mount vertical metal plates in the slot 
radiator, with each plate width having to coincide with that of the corresponding 
horizontal slot (Fig. 8). For a flat structure of such kind, the expression (3.15) 
remains valid. 

In the case of plane-parallel electrostatic field, flux function V{x,y ) defines the 
flux of vector E through the cylindrical surface of unit length located between 
given and zero surfaces of the field strength. For two parallel infinitely long 
charged filaments the flux function is 
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v = 


q 

2 KS 


{<Pc2~<Pcx) 


(4.11) 



Figure 8: Self-complementary antenna with loads. 

Here, (see Fig. lb) q is linear density of positive and negative charges of each 
filament, s is the medium permittivity, <p c[ is the cylindrical coordinate of the z'th 
metal filament. Consider the cylindrical surface of unit length along the z-axis 
with the cross section shaped as a circumference of small radius S((b situated 
around the left charged filament. For any point at that surface, angle <p c2 is 
constant and equal to n, i.e., the magnitude of the flux increment inside given 
angle (p c2 - (p cX is proportional to cp cX . That means, in particular, that the share of 
the flux of a charged filament, which falls into the volume bounded by the 
cylindrical surface, passing through both filaments and having the cross section 
shaped as a circumference with the center at the coordinate origin, is equal to a 
half of the total flux. 

Likewise in the case of two convergent charged filaments (see Fig. la) a half of 
the flux is directed inside a circular cone passing through both filaments, its axis 
coinciding with z-axis. 

In accordance with the electrostatic analogy method, the share of the constant 
current inside the volume bounded by a circular cylinder (or cone) passing 



































112 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


through two high-conductivity wires located in a homogeneous weakly 
conductive medium, will be the same, if a constant voltage is applied to the wires. 

In accordance with the conformity principle the magnetic field of constant linear 
currents coincides with the electric field of linear charges, if the currents and the 
charges are equally distributed in space. This means, in particular, that a half of the 
energy flux propagating along a two-wire long line of parallel (or divergent) wires is 
concentrated inside the circular cylinder (or cone) passing through the wires. 

Similar postulates are valid for the system of two wires with finite radius (see Fig. 
2 ), if one considers the flux inside the cylindrical (or conical) surface of circular 
cross section passing through the filaments creating the field, which equipotential 
surfaces coincide with the outer surfaces of the cylindrical (or conical) wires. 

4.3. RELATIONSHIP BETWEEN PARABOLIC AND CYLINDRICAL 
PROBLEMS 

Comparison of conic and cylindrical problem allows calculating the input 
impedance of symmetrical double-sided slot antenna located on a circular metal 
cone and excited at its vertex. The circular cone generatrix is a straight wire. If a 
curvilinear wire, e.g., parabolic one, acts as a generatrix, the metal surface 
assumes the shape of a paraboloid. Of interest here is calculating the field of two 
infinitely long charged filaments of curvilinear shape located on the paraboloid 
surface and converging to its vertex (Fig. 9). 

The analysis of such structure is facilitated by the use of the system of parabolic 
coordinates [39]. This is a system of orthogonal curvilinear coordinates, 

their coordinate surfaces being confocal paraboloids of rotation 
(ct = const,z = const) with focuses at the origin of coordinates and half-planes 
(;// = const ), passing through the axis of rotation (see Fig. 9). Rectangular 
coordinates are related to parabolic coordinates by the follows: 

x = <JTCOsy/ v = orsin^y z = (z -2 -cr 2 )/2 


(4.12) 
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The parabolic wires are located along the surface of a paraboloid, or more exactly 
along the curve of the surface intersection with the half-plane, passing through the 
axis of rotation (a = const , y/ - const). 

As in the case of convergent straight wires, it is expedient to reduce the 
calculation problem for the electrostatic field of two charged parabolic filaments 
to the flat problem for two parallel filaments (see Fig. lb). To this end the Laplace 
equation is in accordance with the uniqueness theorem to hold true at the 
transition from one problem to another, and the wires are to coincide with the 
lines of equal potential. 

In the cylindrical coordinates system (p, tp c , z), the Laplace equation for a 
potential U has the form 

d , dU. 1 d 2 U A 
—(P ) +-v = ° 

dp dp p dtp- (413) 

Here, the account is taken of dU/dz = 0, i.e., the lines parallel to z-axis have the 
constant potential (the field is plane-parallel). 


In the system of parabolic coordinates the Laplace equation has the fonn 
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(4.14) 


As seen from (4.14), the equation is symmetrical with respect to cr and r , that is, 
the equation for each unknown quantity is valid. In particular, for cr we obtain 
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J _d_ 
a da 


dU 
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1 d 2 U 
a 2 dy/ 2 


= 0 , 


(4.15) 


dU 

Here, U( a) = U(r), if other coordinates are the same. If, for example, -= 0, 

dz 

then in accordance with (4.12) a = sJt 2 -2z, r = yja 2 + 2z , i.e. 
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da _ 1 dr _ 1 

dz a’ dz r ’ 

J dU dU da dU dr n , 
and =-H-= 0, whence 

dz da dz dr dz 

1 dU _ 1 dU 
r dz a da 


(4.16) 


(4.17) 



Figure 9: Surface in the shape of a circular paraboloid. 

Comparison of (4.13) and (4.15) shows that these equations coincide, if the 
substituted variables are related by equations: 


p = a,cp c =y/. 


(4.18) 


Here p and cp c are the cylindrical coordinates, and a and t// are the parabolic 
ones. Hence, the Laplace equation holds true in the transition from the parabolic 
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problem to the cylindrical one, if expressions (4.18) are valid. The statement 
presented in [48] that this requires the condition rfja to be met is incorrect. 

The transfonnation of variables in accordance with (4.18) results in the mapping 
of parabolic surface r = const (for arbitrary r ) onto the plane (p,tp c ). The line of 
the surface intersection with any paraboloid a = const is transformed into a 
circumference. Two parallel wires spaced at distance 2b = 2cr 0 (see Fig. 3.16) 
correspond to the case of two charged parabolic filaments situated along surface 
cr = cr 0 in the plane xOz (see Fig. 9). Two metal cylinders of radius a = (c- d)/2 
(see Fig. 3.2a), their axes spaced at 2 h = c + d, correspond to two solid 
geometrical figures located between parabolic surfaces a l = c and <r 2 = d . 

The scalar potential of the electric field for two parabolic charged filaments 
situated along surface a = a 0 (with linear charge density ±q 0 ) is similarly to 
(3.2) 


U{cr,xi/) = ^—\n{p 2 lp l ), ( 4 . 19 ) 

2 ns 

where p\ = (cr 0 - cr cosy/')" + cr 2 sin 2 <//, p\ = (cr 0 +crcos ^) 2 +cr 2 sin 2 y/ . 

The reduction of the parabolic problem to the cylindrical one permits to calculate 
capacitance C 3 per unit length and wave impedance W 3 of a long line consisting 
of two solid figures with the parabolic axes. By analogy with (3.7), we find: 


C 3 = 


718 


ch 1 [(cTj + <J 2 )/(c 1 — <J 2 )] 


, W 3 =120 ch~ 1 [((T 1 +<T 2 )/((T 1 -(T 2 )\. 


( 4 . 20 ) 


Since the input impedance of a unifonn two-wire line tends as its length increases 
to its wave impedance, the input impedance of the line is 


Z <D = 120c/r‘ 


( 4 . 21 ) 


The case of two charged converging shells of angular width 2 a located along the 
surface of a paraboloid (Fig. 10 ) is of a specific interest with respect to the 
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placement of slot antenna of finite width on surfaces of revolution. The flat 
problem in the fonn of a line of two coaxial cylindrical shells corresponds to it. 
The electrostatic field of such line is shown in Fig. 3.3 b. The field structure in the 
case of two shells located on the paraboloid surface is of a similar nature, but with 
surfaces of equal potential t/=const and surfaces of field strength F=const 
coinciding with parabolic surfaces rather than the cylindrical ones. 


As seen from (3.11), capacitance C 2 per unit length and wave impedance W : of a 
cylindrical line are dependent only on angular width 2(3 of the slot and, 
accordingly, on angular width 2a = n - 2(3 of the metal shell. For this reason, 
expressions (3.11) are valid also for the parabolic envelopes. Quantities C 3 and 
W 3 are constant along the line, i.e. the line of two wires is a unifonn one, and the 
impedance of a metal radiator with angular width 2 a of the ann (a slot antenna of 
angular width 2/3): 

Z AB (a) = \207iK(k)l k[sJ\ -k 2 ). (4.22) 

If a = (3 , the radiator is self-complementary, and Z AB (tt/4) = 60 n . 


Compare the lengths of self-complementary radiators of different shapes and the 
same height H. The arm length of a vertical flat radiator is L } = H , the one of the 
conic radiator shell for angle 0 {) between the shell and cone axes is L 2 = H/smO ^, 
the one of the shell for the paraboloid with height H and projection length S is 


U=2SA\ + 


FT 

4S 2 


H 2 ; l 25 

- sh —. 

2S H 


(4.23) 


In particular, if0 o = 30°, thenZ 2 = 2 H and S = 1.73// . For the same projection 
length S 

L 3 = 2.08//, (4.24) 


i.e. the arm length of a parabolic radiator shell is larger than that of a conic 
radiator. It that the increase of the radiator length is expected to increase the SWR 
of the radiator. 



Self-Complementary Antennas The Theory of Thin Antennas and Its Use in Antenna Engineering 117 



Figure 10: Two coaxial shells on the paraboloid. 

4.4. MUTUAL COUPLING BETWEEN SLOT ANTENNAS ON 
CURVILINEAR METAL SURFACES 

The calculation procedure of slot antennas situated on curvilinear surfaces with 
axial symmetry opens new prospects of rigorous analysis of the electrical 
characteristics of slots cut in screens other than planar. 

The antenna theory employs the concept of ideal slot antenna. This is the slot cut 
in indefinitely large, perfectly conductive, infinitely thin metal screen. In 
accordance with the duality principle, the characteristics of the ideal slot antenna 
are easy to find, if those of a metal radiator with similar shape and dimensions are 
known. As it is shown in [40], the appearance of integral equation for voltage U 
across the slot edges coincides with that of the corresponding equation for the 
current in equivalent metal antenna, identical in shape and dimensions. But 
operator G(U) (integrodifferential functional), involved in that equation, is linear 
in U and dependent on the screen shape, i.e., differs, in the general case, from 
operator G(I) of a metal antenna in free space. 

Consider two identical magnetic radiators located in parallel in free space and 
excited in anti-phase (Fig. 11a). By means of expressions (4.1) and (4.2), one can 
calculate radiation resistance R M and input impedance Z M of each magnetic 
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radiator in terms of radiation resistance R E and input impedance Z E of an 
electrical radiator, similar in shape and dimensions. To perform the transition 
from magnetic radiators to slot antennas, we shall pass the metal surface shaped as 
a circular cylinder through the magnetic radiators. Since the shape of magnetic 
lines of force coincides with that of the surface, the field of radiators undergoes no 
change due to insertion of the metal surface. The metal surface divides each 
magnetic radiator into two radiators situated on its either side different (inside and 
outside of the cylinder). Since magnetomotive force e M , exciting the radiator, and 
oscillating power of the radiator P = e M J M remain unchanged at that, the share of 
magnetic current J M in each newly fonned radiator is equal to the share of the 
power radiated into each subspace. 

As shown in Section 4.2, in the case of two parallel, infinitely long filaments with 
linear charges opposite in sign, the share of the energy flux of each filament inside 
the volume limited by the circular surface passing through the filaments is equal 
to a half of the total flux. According to the conformity principle, this means that 
the half of the energy flux propagating along a two-wire line of parallel wires is 
concentrated inside the circular cylinder passing through the wires. One can be 
quite certain that a similar supposition is correct for the wires of finite length (for 
electrical radiators) and also for magnetic radiators, though the magnitude of 
electrical or magnetic current varies along the wire in these cases. 

If one considers the half of power to be radiated inside the cylindrical volume, the 
input admittance of inside magnetic radiator is 

^1 = e m //^) = 2T, t* irj 


where 7 = 1/ Z m is the total admittance of the original radiator. 

Let the radiator cross section inside the cylinder be shaped as a rectangle curved 
along a cylinder surface with sides b and a, at that b^a (Fig. lib). The greater 
side b is parallel to the metal surface and is an arc segment. Such radiator is 
equivalent to a one-sided slot of width b. The magnetic radiator on the outside of 
the cylinder is equivalent a similar one-sided slot. Its current and input admittance 
coincide with those of the radiator inside the cylinder: 
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Y 2 =Y x =2Y. 


(4.26) 



Figure 11: Two parallel magnetic radiators (a) and the transition to slot antennas ( b ). 


If one replaces both one-sided slots with a single two-sided slot and takes into 
account that its admittance is equal to the sum of both slots admittances, then 


Y s = Y x +Y 2 =A!Z 


M ’ 


(4.27) 


i.e., the input admittance of the two-sided slot is according to (4.2) 

Y , = z e /(6Cte-) 2 . 


(4.28) 


Here, Z E is the input impedance of the electrical radiator (of the metal antenna) 
located near another such radiator, which is parallel to the first one and is excited 
in anti-phase to it. So, 


7 =7 
^11 


' 12 ’ 


(4.29) 


where Z n is the self-impedance of each radiator and Z 12 is the mutual impedance 
between radiators. 


The expression (4.28) in view of (4.29) permits to calculate the input impedance 
of the slot antenna, including in the system of two anti-phased radiators situated 
along the generatrix of circular metal cylinder. Note that it is two arbitrary 
generatrices (with an arbitrary length of the arc along the cylinder circumference 
between them), not only located at opposite sides of the cylinder (when the arc 
length is equal to/r ). Actually, the introduction of a cylindrical metal surface 
dividing each magnetic antenna into two radiators requires observation of a 
special rule, namely, that the shape of the magnetic lines of force coincided with 
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that of the surface. In given case, this is so, since the strength lines of the field 
created by two charged filaments (see Fig. 2a) are circumferences passing through 
the filaments with the centers on the v-axis. The share of energy flux inside the 
volume, which is bounded by the circular metal surface passing through these 
filaments, is independent of the arc length between cylinder generatrices, along 
which the filaments are placed, i.e., it is a half as before (see Section 4.2). 

In accordance with the duality principle, if the current moment of a magnetic 
radiator is equal to that of an electrical radiator, the electric field of a magnetic 
radiator is equal in magnitude to the magnetic field of an electrical radiator and is 
opposite to it in sign. The magnetic field of a magnetic radiator is smaller than an 
electric field of an electrical radiator by a factor of(120;r) 2 . It means, in 
particular, that the pattern of two slot radiators system coincides with that of the 
system pattern of two metal radiators with the same shape and dimensions. 

The pattern of an array consisting of two identical electrical radiators depends on 
the single radiator pattern and the array factor, i.e., on the radiator spacing. 
Accordingly, the pattern of a system consisting of two thin slots depends on their 
spacing (the pattern of a single thin slot radiator has the circular shape in the 
equatorial plane) and is independent of the radius of the circular cylinder, in 
which slots are cut, i.e., on the arc length (in radians) between the slot axes. As 
follows from (4.28), the input impedance is also independent of the cylinder 
radius. So, the presence of a cylinder surface has practically no effect on the 
electrical characteristics of two thin radiators. The cylindrical metal surface is but 
a structure, in which the slot is cut, and can be replaced, e.g., with a metal plane 
passing through both radiators. 

It is easily verified that the expression (4.28) pennits to calculate the input 
impedance of the slot antenna located on infinite perfectly conducting plane not far 
from the other slot antenna (Fig. 12a). If the second antenna is identical to the first 
one and is excited in anti-phase, magnitude Z E can be found from (4.29). If several 
slots are cut in a metal plate, then, into expression (4.28), which remains valid, one 
must substitute as Z E the input impedance of a metal radiator included in the 
radiators system with allowance for its position and phasing. The patterns of slot 
antennas coincide with those of metal antennas with a similar position in space. 
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If slot antennas have finite width, the electrical radiators to be compared with 
theirs must have the same width. They are metal plates with the cross section in 
the shape of a rectangle curved along the cylindrical surface (see Fig. 11). Angle 
a between perpendiculars to the plates is equal to the arc between their axes, i.e., 
it dependent on the cylinder radius. If the arc is n , the plates rotate in the opposite 
direction. When calculating Z E , it is necessary to take into account the cross- 
section dimensions of metal plates and their relative rotation. The pattern changes 
accordingly. It means that the electrical characteristics of slot antennas in given 
case will depend on the radius of the cylinder, on which they are set. 

One can extend all of the aforesaid to the case of slot radiators situated on the 
surface of a cone (Fig. 12a), or a paraboloid (Fig. 12b), or an arbitrary surface 
with the axial symmetry. In all cases the shape of metal radiators, with the 
patterns coinciding with those of slot radiators, must coincide with the shape of 
the corresponding segments of the given surface generatrix. 

Metal bodies of finite length are of particular interest. As the experiments and 
calculations have shown, the patterns and input impedance of a whip antenna 
located near a circular metal cylinder of finite height, exceeding an antenna height 
by more than A / 4, are practically the same if the antenna were situated near an 
infinitely long cylinder. Therefore, if the ends of slot antennas are distanced from 
the end of the metal cylinder with the axial symmetry by more than A / 4, one may 
determine the characteristics of two anti-phased slots cut in the metal body in 
accordance with the characteristics of two radiators of the same shape and 
dimensions located in free space. 

It is substantial that the validity of expression (4.28) for the input admittance and 
coincidence of slot and metal antennas patterns are independent of the radius of the 
metal cylinder, at which slot radiators are placed. In derivation of expression (4.28), 
one imposed no restrictions relating the radius of the cylinder with the antenna length 
or the wavelength. This means that it is enough for the transition from the magnetic 
radiator to two-sided slot antenna cut in a curvilinear metal surface, and also for the 
transition from the slot antenna to the magnetic radiator that the metal surface is 
smooth, and the antenna surface coincides with a part of the curvilinear surface. 
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The equivalence of a slot radiator to a magnetic radiator is valid, if the field 
structure at the radiator surface is formed by the exciting source and is 
independent of the electromagnetic field structure in the surrounding space. 

At present, the mathematical modeling method, in accordance with which a metal 
surface is changed by a system of thin wires or metal strips, is used widely to 
calculate the electrical characteristics of radiators located not far from metal bodies 
[23, 41]. If stated so the problem reduces to the calculation of the currents 
distribution in a structure of randomly directed segments of wires or stripes. If the 
currents along the wires (stripes) are known, one can calculate all radiator 
characteristics. 

The above equivalence of a slot radiator to a magnetic radiator permits to extend 
the mathematical modeling method to the case of calculation of the electrical 
characteristics for slot antennas situated on metal bodies of a complex shape. In 
this case, the magnetic radiator with the magnetomotive force it includes is the 
source of the electromagnetic field rather than the electrical radiator with the 
electromotive force it includes. 

As said above, the coincidence of the electrical characteristics of slot radiators 
located on an axially symmetric metal surface with those of metal radiators 
permits to increase the area of slot antennas, where the rigorous methods of 
solving the electrodynamics problem are applicable. 




Figure 12: Slot antennas at the cone (a) and the paraboloid ( b ). 

4.5. SHAPE AND DIMENSIONS OF THE PHANTOM MODEL 

The phantom as a model of a human head was developed in order to measure and 
to study the parameters, including SAR of fields, established by various radiators, 
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i.e., to determine the level of human body irradiation. But the aspiration to create 
phantoms with characteristics closest to those of a head has led to a multitude of 
phantom shapes and dimensions and, accordingly, to variations in the 
measurement results in different systems. The scatter of output data caused 
necessity to develop a method for evaluating the impact of the phantom shape and 
dimensions on the measurement results. 

Parameters of the antenna field under study and SAR depend on the capacitance 
between the locations of this antenna and the measuring one. An approximate 
calculation procedure of the said capacitance is based on the similarity between 
the shapes of the phantom and the paraboloid and on the reduction of the 
parabolic problem to the cylindrical one. The human body is simulated by a 
simple model filled with a liquid with dielectric permittivity and conductivity 
equal to their average values for the human head tissues at radio frequencies. A 
probe is immersed into the liquid to record the electric field strength inside the 
phantom. The measurements results are then processed to calculate the maximal 
point SAR, the local SAR (loss per unit volume), and the total SAR (loss in the 
whole head). Fig. 13 shows the measurement setup. 

The effect of the phantom volume and shape on the accuracy of the tissue 
dosimetry confirms the circumstance that there is an interrelation between the 
phantom shapes and dimensions, on the one hand, and the measurement results, 
on the other hand. 

Phantoms are usually constructed as vessels filled with a simulation liquid. The 
vessel wall is thin and made of a fiberglass material with low relative pennittivity 
and conductivity. The vessel is open from top; the simulating liquid is 
homogeneous. The setup consists of a three vessels in the fonn of two heads (left 
and right) and a body. 

Calculation of the phantom head field established by a radiator located outside the 
phantom, is a complicated three-dimensional problem. The near region of the 
transmitting antenna is situated in two different media, and its boundary is an 
intricately shaped. One needs to calculate the near field in the adjacent medium at 
the point of the second antenna location and take into account the mutual coupling 
of two radiators. 
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Figure 13: The SAR measurement setup - front (a) and side (b) view 


The problem of calculating the electromagnetic field reduces, as a rule, to the 
electrostatic problem, i.e., to the calculation of the electric fields of charged 
conducting bodies. There is similarity between the structure of the quasi¬ 
stationary electric field of alternating linear currents and the structure of the 
electrostatic field. 


As known from the antenna theory, the near field of an antenna is in the first order 
approximation of a quasi-stationary nature. Therefore, one can reduce the 
calculation of the antenna near field to that of the electrostatic field of a charged 
conducting body. 

Further, it is expedient to reduce the problem of calculating the electrostatic field 
to a plane (cylindrical) problem. As a result, the calculation simplifies 
substantially. Originally, the conical and cylindrical problems were compared 
with each other. But the problem studied here is not a conical one, since the vessel 
shape has little in common with a cone: the axis of such cone must coincide with 
the z-axis of the vessel, and vertices of all cones must lie at single point. This 









Self-Complementary Antennas The Theory of Thin Antennas and Its Use in Antenna Engineering 125 


implies that all surfaces of equal potential in the conical problem should pass 
through one point, since they coincide with those of metal cones. In the 
considered problem, one equipotential surface coincides with the vessel shell, 
which is the interface of two different media, and other such surfaces pass through 
the points located on the z-axis at some distance from each other. 

We assume that the wall is shaped as a paraboloid, i.e., the generatrix of the wall 
surface is in the first approximation a parabola. The parabolic and cylindrical 
problems are compared with each other in Section 4.3: in addition, the system of 
parabolic coordinates (cr, r, y/) is described there. The parabolic problem is more 
similar to the real phantom structure, yet more complicated for calculations. In the 
general case, the paraboloid sections may be not circular, since the horizontal 
cross-section of the wall is not circular. If the wall is not shaped as a paraboloid at 
all, one can approximated it with a paraboloid closest to the actual wall in shape. 



Figure 14: The system of parabolic coordinates. 

Fig. 14 presents the circuit of a vessel with the parabolic coordinate system. The 
antenna under study, denoted with 1, operates as the transmitting antenna. As seen 
from Fig. 15, that antenna, which in this case is a horizontal dipole, is situated 
below the vessel tangent to its wall and pass through the origin. The measuring 
antenna is a small probe placed inside the vessel (see Fig. 13). It operates as the 
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receiving antenna and is denoted in Fig. 14 with 2 it is expedient that both 
antennas should be axially symmetric. As is clear from Fig. 14, the vertical axis of 
the structure (the z-axis) passes through radiator 1 and the vessel center 0. Probe 2 
is located at the measurement point. 

The wall is the interface of different media, and, for this reason, its surface 
cr 0 = const is a surface of constant potential. Other surfaces a = const are 
surfaces of constant potential too. The probe is situated along the structure axis, 
and the radiator is located along the horizontal line. 

In order to reduce the parabolic problem to the plane one, the Laplace equation 
should, in accordance with the theorem of uniqueness, hold true at the transition 
from one problem to the other, and metal wires should coincide with the 
equipotential lines. As shown in Section 4.3, the Laplace equation holds true at the 
transition, if parabolic and cylindrical (p, cp c , z) variables are related by 

P = cr, y/=<p c . (4.30) 



Figure 15: Antenna under study (a horizontal dipole). 
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If the paraboloid is circular, the circular cylinder corresponds to it in the 
cylindrical coordinate system. The segment of the paraboloid in the vicinity of its 
vertex also passes to a segment of the circular cylinder. And, if the horizontal 
cross section of the paraboloid is close to circular, the error is small. 

The transformation of the parabolic problem to the cylindrical one results, in 
particular, in the transition from parabolic surface r = const to plane (p, <p ). The 
equivalent cylindrical problem is presented in Fig. 16. Vessel boundary p Q {(p) is 
of rather intricate nature. Assume its cross section perimeter to be an ellipse with 
major axis of length 2 a and minor axis of length 2b, and the measuring antenna to 
be a thin metal filament with constant potential. The permittivity of the medium in 
the range p 2 (p{p 0 is equal to permittivity £ 2 of the liquid filling the vessel. 



Figure 16: The equivalent cylindrical problem: a - top view, b - axonometric view. 

The reduction of the three-dimensional problem to the plane (two-dimensional) 
one simplifies the calculation of the capacitance between equipotential surfaces. 
The capacitance magnitude determines the coupling level between the surfaces. 
The value can be used for estimating the strength of the field created by the 
antenna under study at the observation point. As is known, the electric component 
of the field at a given distance from an antenna is inversely proportional to the 
medium permittivity: 
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where J A is the current in its base, F(r) is a function of the distance R from the 
antenna axis. The value of s 2 depends on the capacitance between the antennas. 

As seen from Fig. 16, the capacitance between the antennas is the capacitance per 
unit length between the inner and outer cylinders, that is (see, for example, [27]) 

C 2 = 2tt£ 2 /In (p 0av /p 2av ) ^ (432) 

where p iav is the average value of cylinders radius, since all cylindrical cross 
sections are similar ellipses. In order to calculate the value of C 2 for the 
parabolic structure, we should use (4.30) to replace the cylindrical coordinates 
with the parabolic ones. For this end, we have to determine the shape and 
dimensions of the phantom in the parabolic coordinates system in accordance with 
the drawing and then perform the transition to the cylindrical coordinates. 


If the vessel is shaped as shown in Fig. 17, and the x- and the y- axes are directed 
along the major and the minor axes of the ellipse, respectively, the coordinates of 
the points situated on the vessel wall are 


crf(y/)r cosy/ y = qf(y/)r siny/ z = 0.5[r 2 - cr 2 / 2 (^)] 


(4.33) 


Here, function f[y/), which varies from 1 to b/a, defines the dependence of the 
ellipse radius on angular coordinate y/. 


Compare a paraboloid, having the elliptic cross section in the horizontal plane, 
with the paraboloid of revolution of the same perimeter. In the latter case, 
coordinate cr 0 will be constant along the entire paraboloid surface. At the lower 
point of the surface, wherex = _y = 0, coordinate r is in accordance with (4.33) 
zero too, and thereforez 0 = -0.5cr 0 2 , i.e., a 0 = ^2\z (t \. Quantity z 0 is the 
coordinate of the lowest point of the vessel. Point z = 0 (where r 0 = <7 0 ) is the 
focus point of the paraboloid of revolution. And the distance between the points is 
the focal length |z 0 1, which is equal to a half of the focal parameter. The 
relationship, similar to cr 0 = ^2|z 0 |, is valid for the each paraboloid, including the 
one with the elliptic cross section. 
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Figure 17: The vessel coordinates. 

If the probe is located on the z-axis at distance S from the wall, i.e., it lies on the 
parabolic surface <J 2 , thencr, =J2(|z 0 |-c>). In the cylindrical system of coordinates, 
in accordance with (4.30) 


P o 


av 




(4.34) 


The substitution of these values in (4.32) permits to determine capacitance C 2 . 
Using expression (4.32), one can compare the fields measured in phantoms of 
different shapes and dimensions. Having measured the field value in one 
phantom, one can calculate the fields in other sets. 


To exemplify, show the results for the side and central vessels of the phantom 
shown in Fig. 13. The drawings and the dimensions of the set are given in [42]. In 
the calculation, the following dimensions of the left and medium vessels (the head 
and the body) were originally taken into account and used: 


for the left vessel (head) - H30 (chin-top of head), 62 (head length), 61 (head 
circumference), 60 (head breadth), which are equal to 243.3, 206, 587.3 and 158.6 
mm, respectively; 
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for the central vessel (body) - chin-top and length, which are equal to 370 and 255 
min, respectively; 

for both vessels - the liquid level 140 mm. 

Fig. 18 gives an example of the cross-sections of the side vessel in the lateral (1) 
and longitudinal (2) vertical planes. The measurement of vessel dimensions 
allows determining the parameters of parabolic curves. In order to calculate the 
parameters of the paraboloid, which is the closest to the vessel wall, we use the 
parabolic equation z = aX' in order to add the values of z andx 2 point by point. 
Factor 1/a is defined as the ratio of the sums, 

N IN 

i/« = 2X/ 2X 

n =1 / n=\ 

The focal parameter is equal to a half of this factor: p = l/(2a), the focal length is 
a half of the focal parameter. For the side vessel, we obtain: 1/a = 113 mm,/?=|z 0 | 
=56.5 mm. Accordingly, p Qav = 10.63, and p lav =9.64 mm for c) = 10 mm. If £ r 

o 

=41.5, the capacitance per unit length is C 2 =2.4510' F. 


an 



Figure 18: The cross-sections of the side vessel in the lateral (1) and longitudinal (2) vertical 
planes. 

Evaluating the quantities for different vessels, it is expedient to take into account 
the following facts. If the height of the vessel will increase n times, the value of 
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z 0 will decrease n times. If the diameter or the perimeter of the vessel will 
increase n times, the value of |z 0 | will increase n 2 times. 

For the central vessel, we obtain: |z 0 | = 113, p 0av = 15.03, p 2av =14.35, C 2 
=5.03 10‘ 8 F. 

The calculations show the capacitance per unit length of the central vessel to be at 
c) = 10 mm twice as high as the side vessel capacitance. The results of the field 
measurement in the phantom at frequency 0.903 GHz agree on the whole with the 
calculation results. 

The performed analysis clearly show that the measurements results for the fields 
and SAR depend substantially on the phantom shape. 
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CHAPTER 5 


Multi-Conductor Cables and Multi-Radiator Antennas 

Abstract: The theory of electrically coupled lines is applied as the rigorous method to 
the calculation of multi-conductor cables in order to determine the cause of the 
emergence of the electromagnetic interference (crosstalk) in communication channels 
and the common mode currents in the lines. The causes of the cable asymmetry, which 
leads to crosstalk, are shown to be the construction of each line as a twisted pair and the 
different distances between wire pairs of two adjacent long lines. The cause of 
emergence of the common mode is the asymmetry of excitation and loads. Calculation 
of capacitance between two wire elements in the presence of the third one permits to 
determine the equivalent lengths of a long line and monopole with unequal lengths of 
wires. 

Keywords: Calculation of capacitance between two elements in the presence of 
the third one, Cause of asymmetry and crosstalk, Cause of common mode 
currents, Common mode current, Communication channel, Complex loading in 
the central radiator, Crosstalk, Different distances between wire pairs, 
Electromagnetic interference, Loads between wires and shield, Monopole of wires 
with different length, Multiple-wire radiator, Multi-radiator antenna, Open-end 
long line with different wire lengths, Reasons of changing wave impedance, 
Rigorous method of calculation, Stray capacitance of a transformer winding to 
ground, Twisting of each line, Wave impedance of a line inside a metal cylinder. 

5.1. CROSS TALKS IN CABLES 

The theory of electrically coupled lines (see Section 3.2) pennits to show, that the 
mutual coupling between lines in multi-conductor cables results in the emergence 
of the electromagnetic interference (crosstalk) in communication channels and 
that the asymmetry of excitation and loads causes the emergence of the common 
mode currents in the lines. 

Determine the signal magnitude at the end of a multi-conductor cable located 
inside a metal shield. For that end, it is necessary to calculate the electrical 
characteristics of the lines. The values of voltage across loads placed at the ends 
of an adjacent line can be used as a measure of such distortions [43]. The rigorous 
calculation method of the mutual coupling between lines enables the development 
of a simple and effective procedure of preventing interference. 
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Electromagnetic interference in communication channels (a cable imbalance) is 
caused by the cable asymmetry as well as by excitation and load asymmetry, 
which provokes the emergence of the common mode currents in cables. The 
rigorous calculation method of the electrical characteristics for multi-conductor 
cables enables to determine the common mode currents. Compensation of the 
common mode currents permits to decrease the EM radiation and its susceptibility 
to external fields. 

Employ a rigorous method to calculate first the characteristics of a two-wire line 
located inside a metal shield and then for mutual coupling between lines. The 
lines are considered as uniform ones. The electromagnetic waves are regarded as 
transverse ( TEM) waves, and the cable diameter is considered small in 
comparison with the wavelength. 

A single pair of wires (twisted pair) inside a metal cylinder can be modeled as two 
wires of radius a, situated at a distance b from each other inside a metal cylinder of 
radius R and length L (Fig. 1). Wire radius a and distance b in multi-conductor 
cables are small in comparison with cylinder radius R (a,b((R ), so the characteristic 
(wave) impedance of the line is constant along its length (when the axial lines of the 
twisted pair and the cylinder fail to coincide, and the inequality is not valid, the wave 
impedance varies along the line). We assume the wires to be straight and take into 
account the twisting by increasing length L of the equivalent line. 



Figure 1: Two wires inside a cylinder. 
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Since the pitch of the helix along which each wire is located is greater than helix 
diameter b, inductance A per unit length undergoes a slight change at the 
replacement of a helical wire with a straight one. The wire capacitance per unit 
length also varies only slightly, i.e., the wire twisting has no effect on the wave 
impedances of a structure. The line asymmetry in a real cable can cause the wave 
impedance and the two-wire line input impedance to change. 

Another cause of the cable asymmetry is that each two-wire line is made in the 
form of a twisted pair (helix), a design that leads to a difference in the average 
distances between different wires and to the mutual coupling (crosstalk) between 
two two-wire lines surrounded by a single shield, even if both the exciting emf of 
each line and the line load are symmetric. 

The equivalent circuit of a single line inside the shield is shown in Fig. 2. The 
two-wire line is located above ground (inside a metal cylinder). The current and 
the potential along the nth wire of an asymmetrical line of N parallel wires 
situated above ground, in the general case, are determined by (3.18). The 
boundary conditions for the currents and potentials in this circuit are 

I) (0) + i 2 (0) = 0, m 1 (0) = m 2 (0) + / 1 (0)Z, /j (Z) + i 2 (Z) = 0, u { (Z) = e + u 2 (Z). (5.1) 
Here, Z is the impedance of the line load. 

Substituting expressions (3.18) in the first and second equalities of set (5.1), we 
find: 


I 2 =-I x , U 2 = U x -I X Z. 

Taking into account fonnulas (3.20), we find from the third equation of set (5.1) 
that 


u l =i l z 


(1 

1 > 

/( 

[w 22 

w a J 

/l 


1 1 

- + - 


w„ w 22 w, 


= hZ 


Pi 1 Pi 2 


12 J 
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And, from the fourth equation, we obtain 

7j = e/[Z cos kL + j(p n + p 22 - 2p n ) sin £7,]. 


The input impedance of a two-wire line inside a metal shield (the load impedance 
of generator e) is Z t = eji x ( L ). Substituting quantity z, ( L) from expression (3.18) 
and using the relationships between e,I V I 2 ,U X ,U 2 , we find that 


z _ w Z + jWtomkL 
1 W + jZ tan kL ’ 


(5.2) 


where W = p n + p 22 - 2p n . 

It is readily seen that expression (5.2) coincides with that for the input impedance 
of a lossless two-wire long line that is located in free space, is characterized by 
wave impedance W, and is loaded by impedance Z. The line asymmetry results in 
the difference of the electro- dynamic (p n ^ p 22 ) and electrostatic (W u ^ W 22 ) 
wave impedances of the wires. 

The calculation of currents i x (z) and i 2 (z) shows that the currents in a two-wire 
line are identical in magnitude and opposite in sign: 


i, 



L 0 

—i-—-*— 


Figure 2: The equivalent circuit of a single line inside a shield. 

z) (z) = -i 2 (z) = 7j cos kz + //, (Z/lF)sin kz . 


In a wire pair, there are only differential mode currents. There is no common 
mode current in the wires, because the emf and load impedance are placed 
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between the line wires. The appearance of the common mode current can be 
caused by the connection of an additional emf or an additional load between one 
wire of a line and the shield. 


To find the potential coefficients p m , one should take into account the following 
fact. If the system consists of two identical conductors (a wire and its image) and 
the structure is electrically neutral, the mutual partial capacitance coincides with 
the inter-conductor capacitance [27] and is equal to 

C = 1 /[ 2 (Ai-A 2 )]> 


where p n is the self-potential coefficient, and p ]2 is the potential coefficient of 
the image. The conductor-to-ground capacitance is twice the capacitance between 
two conductors: C, =2C. For two wires of radius a at a distance b from each 
other, located inside the metal cylinder of a radius R symmetrically with respect to 
the cylinder axes (see Fig. 1), we can write, using (4.20) from [27], 


Pu=Pl2 


2 K£ 


-ch 


R 2 + a 2 -Zr/4 
2 Ra 


Here e is the permittivity of the medium inside the cable. If wire radius a and 
distance b are small in comparison with the cylinder radius R , then, in the air, 

Pw - Pn * 601n(i?/a). (5.3) 

Similarly, using (4.22) from [27], we find: 

p n « 601 n(i?/Voh ), (5.4) 

/.£., the wave impedance of a lossless two-wire line, symmetrically situated inside 
a metal cylinder, is a half of the wave impedance of the same line in free space: 

K = Pn+p 22 ~ 2 Pi 2 ~601n(h/a). (5.5) 


If the wires inside a metal cylinder of a radius R are located asymmetrically, e.g., 
they are displaced to the right by distance A (Fig. 3), then 
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In this case, the wave impedance of the line is 

0 R- 


(5.6) 


That is one of the possible causes of lines wave impedance changing inside the 
shield. 



Figure 3: Offset wires inside a cylinder. 

If the distance between wires is increased by value A, then at A((b 
p n « 60 In 


R 

f, A A 

i - ~ \J\J 

^a(b + A) 

v y/ab 2b y 


(5.7) 
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This is the second cause. As can be seen from (5.6) and (5.7), a change in the 
distance between wires has a greater effect on the wave impedance of the line than 
the wire displacement relative to the cylinder axis. 

Fig. 4 shows the equivalent circuit of two coupled two-wire lines inside a shield. 
One of the lines is excited by generator e and is loaded by complex impedance Z x , 
the loads Z 2 and Z 3 being connected in the wires at both ends of the other line. It 
is necessary to emphasize that such circuit is of the most general nature. If, for 
example, generator e x is located at the end of the second line (at point z = L ), the 
currents and voltages created by generator e are found considering that Z 3 is equal 
to the input impedance of generator e x . 

Consider inequalities a{{b{{d,R (here d is the distance between the axes of 
twisted pairs). In many cases, the diameter of a wire bunch is small in comparison 
with the diameter of the cable metal shield. When there are many wires in the 
bunch, its diameter is close to the shield diameter. However, it is necessary to take 
into account that the maximum mutual coupling exists between adjacent lines. 
Therefore, analyzing mutual coupling between them is possible by considering in 
the first approximation that<i((f? . 

As was stated at the section beginning, the cable asymmetry results in mutual 
coupling (crosstalk) between two two-wire lines. The reason of such asymmetry is 
the construction of each line as a twisted pair (helix). The placement of the line 


y, 


Zj 
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Figure 4: The equivalent circuit of two coupled lines placed inside a shield. 
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conductors in different variants of winding is shown in Fig. 5. If, in the initial 
cross section of the cable, the starts of helices 1 and 3 are located at the same 
point of their section (we shall call it the initial one) and the starts of helices 2 and 
4 are displaced along the cross section perimeter by n from this point, it means 
that the distance between wires 1 and 3 (and also between wires 2 and 4) is 
D u = D 24 = d along all their length, whereas the distance between wires 1 and 4 
(and also between wires 2 and 3) varies along wires from d+b to d-b. For 
example, the distance between wires 1 and 4 (see Fig. 5a) is 


„ h i i \ 2 t t ■ 2 77 a sin a 

D l4 = sjyd+bcosa) +b sin a~d+bcosa-\ —— 

(here, a is angular displacement of points 1 and 4 along the cross section 
perimeter), i.e., the average distance between these wires, 

1 X 72 

^ Du ^ = ^ : \ o Dda = d + Jd , ( 5 ‘ 8 ) 

differs from quantity d. The potential coefficients as well as the electrodynamic 
and electrostatic wave impedances vary accordingly. 


If, at the initial cross section of the cable, the starts of helix 3 and 4 are displaced 
along the cross section perimeter by k/2 and 3/t/2 from the initial point, 
respectively, the distance between wire 1 and wire 3 (or wire 4) is 


Z)i 3 ( 4) «d + — (cos< 2 ±sin«) + — (sin <2 +cos a) . 
2 8 d 


(5.9) 


Here, the top sign applies to wire 3, and the lower sign - to wire 4. The average 
distance between the wires from this equation is 



~ d ± 


- + — 
n 8 d ’ 


(5.10) 
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i.e., the displacement of the helix starts of the cable by n/2 changes substantially 
the average distance between wires. Difference between (£) 13 ) and (D 14 ) 
increases from value b 2 /4d to 2bjn , with b((d . 

For average distance D 0 between wires 1 and 4 not to differ from d, it is 
necessary to wind wire 4 in the opposite sense to the other wires. In this case (see 
Fig. 5b) 

D = d+bcosa, D 0 = d . (5.11) 


The electrodynamic wave impedances of the structure at the same sense winding 
become 


A 1 = Pi 2 = P 33 = Pu = A = 60 ln ( R / a ) > Pu = P 34 = Pi = 60 In (r/ 4ab), 

P\i = Pv, = A = 60In ^R/sfad^,p u = p 23 = p 4 = 60ln rJ a(d +b 2 /r/4d'j .. (5.12) 



Figure 5: Distance between wires 1 and 4 at the same sense (a) and the opposite sense winding of 
wire 4 ( b ). 

In the case of lines placed at finite distance H from the cable axis, we find 

r{\-h 2 Ir 2 ) 

p x = 60 ln- - . 

a 


The expressions for other quantity p n retain validity. This means that the wave 
impedance of a lossless two-wire line situated inside a metal cylinder at a distance 
H from its axis is, in accord with equation (5.6) 













Multi-Conductor Cables 


The Theory of Thin Antennas and Its Use in Antenna Engineering 141 


W = 60 In 


b(\-H 2 /R 2 ) 2 


i.e., the line wave impedance decreases as the result of its displacement from the 
cable axis. When His small and equal to A, we arrive at expression (5.7). 


According to (3.19), the electrostatic wave impedances are 

w = J A v/ A , 

i- A v/ A „ s >«^> 


(5.13) 


where A N = \p ns | is the N x N determinant, and A ns is the cofactor of the 
determinant . For a structure made of four wires, in accord with (5.12) and 
(5.13), 

w„ = w 22 = w 2 , = w <t = w l = a 4 /a„ , w a = w 2 , = w 2 = - a 4 /a 12 , 

W u = = W 2 = - A 4 /A 13 , W IA =W 23 = W 2 = - A 4 /A 14 . (5.14) 


The current and potential of the nth wire of an asymmetric line from N parallel 
wires located above ground are found from expression (3.18). The boundary 
conditions for the currents and voltages in the circuit shown in Fig. 4 are 

i x (0) + z' 2 (0) = 0, z' 3 (0) + / 4 (0) = 0, m 1 (0) = m 2 (0) + z 1 (0)Z 1 , 

u 3 (0) = n 4 (0) + z 3 (0)Z 2 , i x (L) + i 2 (L) = 0, z 3 (L) + z' 4 (L) = 0, u x (T) = e + u 2 (T), 

m 3 (/) = m 4 (Z) + z 3 (Z)Z 3 . (5.15) 

Substituting expressions (3.18) in the equations of system (5.15), we find 


/, = 


1 Zj cos kL + 2j [/ij - p 2 + (/? 3 - p A ) Aj sin kL 


, h=Al x , 


(5.16) 


-4(A -P 2 )+ Z,Z 3 (Wi + VW 2 ) + j2(Z 2 -Z 3 ) cot kL ' 


where 
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If p, = p 4 (and, accordingly, W 3 = W 4 ), then A=0, the current at the beginning of 
the second line is zero. In this case, the presence of the second two-wire line has 
no effect on the first line. This result obviously corroborates the fact that the cable 
asymmetry results in mutual coupling (crosstalk) between two two-wire lines. 


Knowing all parameters in expressions (3.18), one can calculate the loading 
impedance of the generator e 


Z l =e/i l (L) = 2 


z i + 2 J [ A ~ A + A ( Pi - A)] tan kL 
2 + j [z, (1/11) + l/W 2 ) - ZZ 2 (1 /W 3 - 1/1T 4 )] tan kL 


(5.17) 


and the currents in the wires of the second (unexcited) line 

f 3 (z) = / 1 ficoskz + _/'y[ZZ 2 (l/H) +l/W 2 )-Z l (l/W 3 -l/lT 4 )]sinAz, f 4 (z) = -/ 3 (z). (5.18) 


The sum of the currents is zero, i.e., as well as with one line placed into the shield, 
there is no common mode current since the emf and the loading impedances are 
connected only between wires of each line. 

The voltages across passive loads are 


\h( z V J i 



Figure 6: The absolute values of the currents in the excited and unexcited wires. 
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Vj = i\ (0)Z, = /,Z,K 2 = i 3 (0 )Z 2 = /, AZ 2 , 

F 3 =i 3 (Z)Z 3 =7^3 jzcosAZ + 7 ^[ZZ 2 (l/ff 1 + l/r 2 )-Z 1 (l/fZ 3 -l/^ 4 )]sin^ 

As an example, consider a structure from two pairs of wires inside the shield with 
sizes (in millimeters): a=0.2, b= 0.5, d= 2, f?=2. For the identical loads 
Zj =Z 2 =Z 3 =100 Ohm, ratio A of the currents at the beginning of the second 
(unexcited) and the first line amounts to 0.13. If the values of the loads are equal 
to the wave impedance of the single two-wire line inside the metal shield, i.e., in 
accordance with equation (5.6), Z x = Z 2 = Z 3 = 55 Ohm, the ratio of the currents is 
substantially increased (A =-0.76). 

The absolute values of the currents as functions of kz are plotted in Fig. 6. Here, k 
is the propagation constant of a wave in a medium, z is the coordinate along the 
line (see Fig. 4). 

5.2. IN-PHASE CURRENTS AND LOSSES 

Consider the effect of loads placed between the wires and the shield, using a two- 
wire line as an example (Fig. 7). It differs from the circuit shown in Fig. 2 by 
connection of its wires at the line end (near the generator) with a shield through 
complex impedances Z, andZ 2 , whose values depend on the line excitation 
circuit. In a realistic circuit the secondary winding of the transformer can act as 
emf e, exciting a two-wire line. In this case, stray capacities of the winding to 
ground (to the cable shield) act as impedances Z, and Z 2 . 

The boundary conditions for the currents and potentials in the circuit shown in 
Fig. 7 are 


(5.19) 


/ 1 (o)+/ 2 (o)=o, M,(o)= m 2 (o)+/,(o)z, (L)+i 2 (z,)= 0 , Ul (L)= e +u 2 (L). (5.20) 

Z\ Z 2 

Substituting expressions (3.18) in the equations of set (5.20), we find the input 
impedance of a two-wire line 

z e _ ZcoskL+j(p n +p 12 -2p l2 ) _ (5.21) 

' / 1 (i) + «,(i)/Z, 1 + C/./Z,[1/^3 +j(l/W n -\/W n )t a nkL] + j[Z/W l2 +(p n -p i2 )/Z J ~\umkL 
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and the sum of the currents in the line wires 

i s (z) = i l (z) + i 2 {z) = jl\ [z(1 jW l2 - 1 /W 22 ) + t/, /l x (1 /W x , +1 /W 22 -2/W n )]sin kz . (5.22) 


h 



Figure 7: The equivalent circuit of a single line with loads connected between the wires and the 
shield. 


Therefore, connection of the loads results in the emergence of the common mode 
current in the wires and of the current along the inner surface of the cable shield, 
equal in magnitude but opposite in direction. 


For two wires of the same radius situated symmetrically to the cylinder axis 


z,=- 


Z + 2j (p, - ) tan kL 


ZPi 


1 + 7 r^^ kL + j—^ --[Z + (/>, +p,)C]tani’Z + —^-[Z + (/?, + p 2 )C + 2j(p t -p,)tanii] 

p\ Pi ^\P\ + Pi) ^i 5 (5.23) 


and 


4 0) = 7 


eC sin kz 


Z cos kL + j2iyp x - p 2 ) sin kL 


(5.24) 


It is not difficult to verify that, if 1/Zj =1/Z 2 =0, quantity C is zero and the 
expressions for U l and Z, coincide with the similar expressions for the circuit 
without loads between wires and shield. From the presented results it is easy to 
obtain also the expressions for the cases when there is only one load, for example, 
1/Z,=0. 
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The above analysis confirms that the cause of the emergence of the common 
mode currents in line wires is the asymmetry of its excitation due to the 
connection of complex impedances, e.g., stray capacitances of the secondary 
transfonner winding, to ground (to the cable shield). Asymmetry of loads at the 
line end farther from the generator (at z = 0) produces similar results. The 
common mode currents in the excited line induce the common mode currents in 
wires of the adjacent unexcited line, even if it is totally symmetric (with respect to 
ground and the excited line). Removal of the excitation and load asymmetry in the 
excited line results in the disappearance of the common mode currents in wires of 
both excited and unexcited lines. 

In order to reduce or eliminate the common mode currents, it is necessary to 
violate the asymmetry, e.g ., to neutralize the effect of stray capacitances to ground 
(to the cable shield). To this end, work [44] proposes to cancel the current through 
stray capacitance with the current equal in magnitude and opposite in direction, 
which is created by an additional transfonner winding. 

As shown in the Section 3.2, the theory of electrically coupled lines bases on the 
telegraph equations and on the relationship between the wire potential coefficients 
and the electrostatic induction ones. The z-axis is selected in parallel to the wires, 
and the dependence of the current on coordinate z is adopted asexp(yz), where y 
is the complex propagation constant of the wave along the wires. 

In the case of lossless the wires and the medium, where they are situated, 
electrostatic W ns and electrodynamic p ns wave impedances between wires n and 5 
are real-valued quantities determined by equations (3.19), and y = jk is a purely 
imaginary quantities (k is the propagation constant of the wave in the medium). 

As follows from the above, electrodynamic wave impedance p ns is proportional 
to the self- or mutual inductance of wires section, i.e., is proportional to reactance 
connected in series with wires circuits. Electrostatic wave impedances W m are 
proportional to the mutual capacitance between wires, i.e., to the susceptance 
between them. Therefore, it is natural to connect, in the circuit the wire-loss 
resistance (e.g., the skin-effect loss) in series with the inductance, and the leakage 
conductance - in parallel with the mutual capacitance. 
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Take into account the loss in the medium and in the wires considering that wave 
impedances W ns and p m and the propagation constant k are complex values. If 
the inductance of the nth wire per unit of its length is A 0 and its active resistance 
is R 0 , its impedance per unit length is jp nn = jo)A 0 +R 0 , i.e., the self¬ 
electrodynamic wave impedance of a loss wire is equal to 

Pnn=Po{ l -J R o/Po)’ ( 5 - 25 ) 

where p 0 = co A 0 is electrodynamic wave impedance in the absence of losses, R 0 
is total loss resistance in the nth wire and in the metal shield per unit length. 

For the mutual electrodynamic wave impedance between wires n and s, we obtain 

Pits ~ PnsO 0 — RmO / PnsO ) ’ (5.26) 

where p ns0 = coM ns0 , M ns0 is the mutual inductance between wires n and 5 per 
unit length, and R ns0 is the loss resistance in both wires per unit length. 

Similarly we find for the admittance between wires n and s per unit length we 
find: jW ns = j&>C ns0 + G ns0 , i.e., the electrostatic wave impedance in a loss 
medium is 

•’.■it.MX). (5^7) 

where W lts0 = coC ns0 , C ns0 is the mutual partial capacitance between wires n and 5 
per unit length, and G ns0 is the leakage conductance per unit length. 

Thus, the evaluation of the electrical perfonnances of the coupled loss lines can 
use the results obtained for the lossless lines by substitution of the complex wave 
impedances into the earlier expressions in accordance with equations (5.25) - 
(5.27). Here, the loss both in wires and losses in an imperfectly conducting 
metallic tube (shield) is taken into account. 

A rigorous method for the calculation of the characteristics of two-wire lines 
inside a metal shield allows us revising the mechanism of mutual coupling 
between lines in multi-conductors cables. It permits to determine the values of 
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voltage (interferences) across impedances placed at the beginning and the end of 
the adjacent line at given power in the main line. The crosstalk is caused by the 
asymmetry of the wire positions (the varying average distant between wires) and, 
accordingly, the asymmetric wave impedances. The avoidance of the asymmetry 
will reduce crosstalk in multi-conductor cables, i.e., will enable to increase the 
carrying capacity of a channel. This is valid also for multi-conductor connectors. 

The cause of the emergence of the common mode currents in the lines of a multi¬ 
conductor cable is the asymmetry of excitation and loads. As noted, the 
compensation of the common mode currents offers to decrease the EM radiation 
and to reduce its susceptibility to external fields. 

5.3. LONG LINE AND MONOPOLE WITH UNEQUAL LENGTHS OF 
WIRES 

In addition to the calculation of crosstalk in a multi-conductor cable and the 
analysis of causes of its asymmetry, the theory of electrically coupled lines makes 
it possible to find electric characteristics of multiple-wire, multi-folded and multi¬ 
radiator antennas. Before proceeding to these, we shall consider an open-end long 
line and a linear radiator, which consist of two wires with different length. Such 
problem arises, in particular, when it is necessary to calculate the input impedance 
and electromagnetic field of two asymmetrical radiators with different height, 
located in near regions of each other. 

The calculation of the input impedance and the electromagnetic field of a structure 
consisting of two parallel monopoles of equal lengths in the near region of each 
other can be carried out in accordance with the theory of folded radiators and the 
superposition principle. For this purpose, the structure is divided into two circuits: 
an open-end two-wire line, and a linear monopole. The procedures of calculating 
the currents and the input impedance of such line, and the field and input 
impedance of a monopole are known. In particular, the calculation of the 
monopole characteristics one must allow for its equivalent radius, given by 
a e = slab , if the wire radii are small and equal. Here, a is the wire radius, and b is 
the spacing of the wire axes. 
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A structure consisting of two parallel monopoles of unequal length can also be 
divided into a line and a monopole. But, in this case, both the line and the 
monopole are formed by wires of different length; hence, the calculation of their 
characteristics is not obvious. Such problem arises also in more complicated 
structures. For example, a shortwave multi-radiator antenna has different lengths 
of radiators. The load of a medium-frequency inverted /.-antenna resulting in 
increasing the effective length of antenna may be implemented as a system of 
horizontal wires of different lengths. 

As seen from Fig. 8a, a long line formed by two parallel wires of different lengths 
/jand / 2 has two segments labeled (1) and (2). The lengths of the upper (1) and 
lower (2) segments are, respectively, l = l x -l 2 and L = l 2 . The lower segment is a 
two-wire line with wires of equal lengths and equal circular cross sections with 
radius a. The capacitance per unit length between two wires situated in a 
homogeneous medium with permittivity s is given by 

C 0 = 7rs/\n[b/a) , (5.28) 

where b is the distance between the wire axes. Capacitance C 0 determines the 
wave impedance of the two-wire line (of the lower segment). 

The effect of the upper segment on the line input impedance is taken into account 
by calculating capacitance C between the excess length of the longer wire (of 
length/) and the shorter wire (Fig. 8b). The input impedance of the whole 
structure is equal to the input impedance of the lower line loaded with the 
capacitance. 

The electrostatic structure in this case consists of three conducting elements 
designated as I, II and III in Fig. 8a. C is the capacitance between elements II and 
III in the presence of element I. It is not equal to the capacitance between isolated 
elements II and III, in the absence of element I. Find the capacitance as the 
difference of two capacitances: 

C = C X -C 0 L, 


(5.29) 
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where C x is the total capacitance between the longer and shorter wires, and C 0 L 
is the capacitance between the wires of the lower segment. In fact, C x is the 
capacitance of an electrically neutral system consisting of two conductors (see, 
e-g., [27]): 


a L. 

II (1) 


2a 


( 2 ) 


h 


III 




b) 


L 


A -► 


Figure 8: Two-wire line formed by the two parallel wires of different lengths (a) and the 
capacitive elements ( b ). 


Cl =(Pn+P22- 2 Pn)- 1 > 


(5.30) 


where p ik are the potential coefficients, calculated by the following formulas: 
1 


Pi i 


2 ksL 


Z/a + 1 Jl + (Z/a ) 2 +a/L — yjl + (a/Ly 


P22 


1 




In 


(L + /)/a + ^(L + lf/a 2 +1 +a/(l + /)-^a 2 /(l + /) 2 +1 


Pi 2 = 


4 (L+l) r i( L + ^ Ll+h2 )/ b +( I + / ) ln (L + l + il(L + l) 2 +b 2 ^jb 

^L 2 +b 2 /L + sJl 2 +b 2 /z-/ln (l + ^l 2 +b 2 ) jb jL + b/L-^(L + l) 2 +b 2 /L } 


Sine zL/aJ/a » 1, 


Pi i 


f 


2 ksL 


2 L 




In-1 

V a J 


P 22 = 


2xe(L + l ) 


In 


















































150 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


If L/bJ/b » 1, the expression for p n simplifies: 


P\2 = 


4^(Z + /) 


' 2 L . 2(1 + /) l La-1 ' 

In — + In —-- + — In-2 

b b L 1 


Calculations show C to be small compared to C 0 L . In particular, if wires are 
located in the air, i.e., £ = -10 9 ), then for L= 7.5, b= 1.0, 2a=0.05 with / 

varying from 1 to 4 (all dimensions are in centimeters), we have C 0 L =7.07 pF, 
and C changes from 0.05 to 0.1 pF. Thus, the excess length creates a capacitive 
load at the two-wire line end. The load is equivalent to prolongation of the line 
with length / 0: 

/ 0 =(l//:)cor 1 [l/(niClF / )]. (5.31) 


where k is the phase constant, co is the circular frequency, and W t is the wave 
impedance of the line. The calculation results for capacitance C and equivalent 
lengths / 0 for the above- mentioned dimensions at 1 GHz are given in Table 1. 



Figure 9: The simulation model for a two-wire transmission line. 


The calculations are verified by simulations using the CST program. The model 
structure is shown in Fig. 9, where e is a generator with output impedance 7?=50 
Ohm. The simulation results for the equivalent lengths denoted as / 01 are also 
presented in Table 1. Since distance b between the wires is finite, the calculated 
values of / 0 and / 01 for / = 0, based on the two-wire line approximation, are other 
than 0. In order to clearly demonstrate how excess length / affects the equivalent 
lengths, / 0 and / 0] are decreased by their values at / = 0 . As seen from Table 1, the 
calculation and simulation results agree well for l < 0. IA. It turns out that the 
input impedance of a line with wires of unequal lengths differs comparatively 
little from that of a two- wire line, having the same lengths as the shorter wire. 
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Table 1: Capacitive loads and equivalent lengths / 0 and / 01 


/, cm 

2fl=0.05 cm 

2fl=0.2 cm 

/q , cm 

Iqi ? cm 

C,pF 

/ 0 , cm 

^01 ’ 

C pi 

0.0 

0 

0 

0.020 

0 

0 

0.047 

0.5 

0.22 

0.19 

0.037 

0.21 

0.15 

0.073 

1.0 

0.41 

0.39 

0.050 

0.37 

0.30 

0.093 

1.5 

0.56 

0.52 

0.063 

0.49 

0.45 

0.108 

2.0 

0.69 

0.86 

0.073 

0.58 

0.61 

0.119 

2.5 

0.80 

1.10 

0.081 

0.65 

0.79 

0.128 

3.0 

0.90 

1.38 

0.089 

0.71 

1.00 

0.135 

3.5 

0.98 

1.66 

0.095 

0.75 

1.24 

0.140 

4.0 

1.05 

1.94 

0.101 

0.78 

1.48 

0.144 

4.5 

1.12 

2.17 

0.107 

0.81 

1.64 

0.148 


Similar results for 2a=0.2 cm are also given in Table 1. 


In accordance with the obtained results, one can write the current distributions 
along the line wires: 


|7 0 sin kl 0 sin£(Z + /-z)/sin kl 10 L<z<L + l 

|/ 0 sinA:(C + / 0 -z) ' |-/ 0 sinA:(£+/ 0 -z) 0<z<Z. 


(5.32) 


where 7 0 is the generator current. A long line with equal wire lengths located in 
free space can radiate only if the wire spacing is not too small compared to the 
wavelength. In case of wires of unequal length, excess segment / of the longer 
wire radiates, as it follows from expressions (5.32) for the wires currents. 

Another important problem is calculating the input impedance of a linear radiator 
(monopole) composed of two parallel wires with different lengths (Fig. 10a). Fig. 
10b shows an equivalent asymmetric line for the structure. The current 
distribution along the monopole wires is calculated in accordance with the theory 
of electrically coupled lines. 


In this case, it is necessary to divide the equivalent line into two segments. The 
segments are labeled with (1) and (2), and the wires - with 1 and 2 at the wire 
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bases. Segment 1 consists of a single wire, and segment 2 consists of two wires. 
The currents and potentials at segment m of wire n of the asymmetric line are 


a) l 

h 


b) 


( 2 ) 


(1) 


* ^0 

-— I — 



. 1 ^ 

^ i2 ► 

-) z,<— 



Figure 10: Monopole formed by the wires of different lengths (a) and equivalent long line (h). 


/'■' = /;■> cos fc,+y 


nr?' Ac ! -1 

5 = 1 


jy(m) jfr(m) 


sin kz , 


u[ m) = 


M 

u n m) cos kz m +jJ j p < : ) ll m) sin kz m . 


(5.33) 


5=1 


where l[ m) and U ( n m) are the current and potential of wire n at the beginning of 
segment m (at point z m = 0) respectively; n= 1, 2, m= 1, 2, M is the total number of 
wires of segment m, and Wj'" } and are the electrostatic and electrodynamic 
wave impedances between wires n and s at segment m. If the wire spacing is small 
compared to the wire lengths, one can assume that p ( ( “ ) = const(n ) = p \" n , 
plT’L =comt(n) = d-\ = const(n) = Wf\ 

The zero currents at the wire ends and the continuity of the current and potential 
along each wire determine the boundary conditions: 


;(!) 


= i (2) 
=0 l 2 


= 0, i[ 


( 1 ) 


z, =1 l \ 


( 2 ) 


Z,=0 ’ U \ 


( 1 ) 


=/ =«1 


( 2 ) 


z,=0 ’ U \ 


( 2 ) 


z, — 


= U 


( 2 ) 


z, — 


= e. 


where from we derive: 
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if = lf = o, if = j f C/f } / wf 1 sin kl , Uf = Uf cos kl 


uf=uf 


uf=- 


p (2) -p ,2) 

cos kl - 1 __, (1 2 sin kl • tan kl 2 


w: 


cos kl cos kL 


,( 2 ) 


O 

1-tan kl tan kL 


w; 


to 


The current distribution along the first section of the longer wire is given by 


f = j 


Uf /1 sin k(l x - z). 


(5.34) 


The current along the second section is 

.f'^t/,4sinHcosfe^^o^l 1 I 


w; 


M 


wp wf 


i- 




< / 


\ tan kl tan kl 2 sin kz 2 }. (5.35) 


And the current along the shorter wire is 


if = jUf cos kl { 1 / wf -l/wf ■ 


1- 


P?-P? Y 


w; 


(i) 


tan kl tan kl 2 } sin kz 2 . 


(5.36) 


Thus, the total current along the second section is 


+ 4 2) = ju®\ smklcosk ^ -) + cos k { 


w: 


to 


1 1 


W-nV\ 


Pi -Pi 


wf wf\ wf / 


) tan kl tan kU 


sinA-(4 _z ) } 


(5.37) 


The expressions show that the current distribution along both sections of the 
monopole is sinusoidal, i.e., similar to that of a monopole consisting of two 
segments with different wave impedances ( e.g ., with different wire diameters). 

Write the expression for the total current along the monopole in the form 


J Am( Z ) = y Z i n m) { Z )’ 


~ ^ ~ m ’ 


n -1 


(5.38) 
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where i { "' ] (z) = A nm eos k(l m - z) + jB mn sin k(l m -z) . In accordance with (5.34)- 
5.36), 


A u =A 2 l =A 22 =B 2l =0, B n =uf ] /W x (1) , A n = jU[ x) sinAL/flf, 


Bn = B 22 ={7, (1) cos A:/ 


1 1 /, 


( 2 )_ A 2 )\ 


W , (2) C 2) 


1 - —— /" 2 \ tan kl tan kl 2 

/ 


(5.39) 


The input reactance of the monopole is equal to the input impedance of the 
equivalent line: 


JX A =Z,= 


L(o) 


= -j 


IV/ ' 1 - p\ 2] tan kl tan kl 2 


cos' kL 


tan kl cos 2 kl 2 + DW/^ sin2kl 2 


(5.40) 


where 


D = 


w; 


( 2 ) 


1- 


A (2) -pf } 


w: 


to 


tan kl tan kl,, 


W 


( 2 ) 


The radiation resistance of the monopole is 


2/2 


= 40£ h 


(5.41) 


where h e is the effective monopole height given by 


K = +4",) sin ^(C -L + i)+j( B u„ + B 2 m )[ l ~ cosk {l m -C + i)]} = 


m =1 


iU (1) 

-— 1 —— -J1 + sin kl sin kl 2 + cos kl 


U{<d)W x 


2DW^ (1 - cos £/ 2 ) -1 


(5.42) 


The wave impedances Wj' n> and /A'' 1 used in the equations presented above are 
determined by potential coefficients: 


P, 


H 


= A W = P [ nn / f (2nsc) = 60 p, 


W | _ J.”) 


= p^/(2ir £ c) = 60pl m K 
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The wave impedances for the one-wire segment are 

= p[' ] = /'{2 tt£c) = 60 p\ l \ 

while we have for the two-wire segment 

1 _ A 1 _ Pi 

pI-pV w 2 (2) pi-pV 

Potential coefficients p„ are calculated by the method of mean potentials in 
accordance with the actual position of antenna wires. The simplest variant of the 
method is the Howe’s method. It is easy to show that the mutual potential 
coefficient of two parallel equal-length wires with the dimensions and position 
shown in Fig. 7 is given by (3.23). The expression implies that the self-potential 
coefficient of wire n at segment m is taking into account the mirror image, equal 
to (3.24), and the mutual potential coefficient between wires n and s of segment m 
is equal to (3.25). 

Expressions (5.38) and (5.39) detennine the currents along each wire of the 
monopole and pennit to calculate its input impedance more accurately. We get, in 
accordance with the second formulation of the emf method, for the input 
impedance of a linear monopole, its current being the total current of both wires 

Zj= ~JW) WdsW < 5 -«> 

Here, E is the tangential component of the electric field, established by current 
J ($■) along the radiator axis. In calculating E it is necessary to take into accounts 
that the derivative d.J/dg has a jump at the segment boundaries. For this reason the 
tangential component of the electric field is (see, for example, Chapter 1) 



exp (~jkR u ) | 

exp (~jkR n ) 

dJ.M) + 

exp (~jkR 2i ) | exp (~jkR 22 ) 

' k [ 


R n 

dg 

R 2l R 21 

dJ A (/ 2 + 0) dJ A (l 2 - 0)" 

2 exp (~jkR 0 ) dJ A (0) 

X 

dg 

dg 

K 

dg 

/ • 
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Here R pl = ^ja 2 +(l p -gf ,R p2 = <Ja 2 +(l p + gf,R 0 = sja 2 + g 2 , dJ Ah^ ) l and 

d J 4 {l 2 -0) 

dg 

are the values of the right- and the left-hand derivatives at point z = l 2 , and a e is 
the equivalent radius of the antenna: 

fa, l 2 <z<\ x , 

[sfab, 0 <z</ 2 . 

However, the electrical field of a two-wire monopole (as considered here) differs 
from that of a single-wire monopole of equivalent radius and the same total 
current, due to the fact that the former consists of fields from two radiators. 
Assuming the base of the first radiator at the origin of the cylindrical coordinate 
system (see Fig. 10), the electrical field strength in the far region at distance p is 
given by 

(5.45) 

k P 0 


The field strength of the second radiator along the line passing through the 
radiators’ bases is 


E zl = ~j 


15exp -jk ( p-b cos (j>)\‘\ 


k(p-b cost/)) 




(5.46) 


The structure that was used in the compensation method and consists of two 
radiators with unequal length is analyzed as in the case of identical radiators. As a 
result, we obtain, rather than (3.45), the following expressions for the self- and the 
mutual impedances of radiators: 

Z„=Z 22 =Z m (l 1 ,a e )-j(W,/4)cotk{l 2 +l 0 )+R, Z a =Z 2l =Z m (l 1 ,a,)+j(W l /4)cotk(I 2 +l 0 ). ( 5 - 47 ) 
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The results of calculating the impedances are presented in Fig. 11. They are 
determined in accordance with the described method for the variant with L= 7.5, 
b= 1.0, 2(7=0.05 (dimensions in centimeters) as a function of /. 

5.4. MULTIPLE-WIRE AND MULTI-RADIATOR ANTENNA 


In order to increase matching level in a wide frequency range, radiators must have 
low input reactance. For this purpose, antennas of hectometer, decameter and metric 
waves are constructed typically of several wires situated along the cylinder 
generatrices. The wires converge to the common point at the radiator ends fonning 
cones (Fig. 12a). Such radiator is called a multiple-wire one, or a cage radiator. 


The basis of a multiple-wire radiator analysis is usually the assumption that it may 
be replaced with a solid metal tube of equivalent radius 


a 


e 



(5.48) 


where N is the number of wires, a is wire radius, p is the radius of a cylinder, 
along generatrices of which the wires pass. In this case, the fields established in 
the far region by a multiple-wire radiator and by the equivalent solid radiator are 
identical, if their lengths are identical. As seen from (5.48), radius a e of the 
equivalent radiator is substantially exceeds radius a of the singular wire. 
Accordingly, wave impedance W r of the radiator decreases, and, consequently, 
reactive component X 4 of the input impedance decreases also. 



Figure 11: The self and mutual impedances of radiators with different lengths. 
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The equality of fields in the far region does not imply, as a matter of fact, the 
equality of the rest of electrical characteristics ( e.g ., input impedances). As 
calculations show, the curves of the input impedances of the multiple-wire 
radiator and its equivalent radiator are of the same nature, but those for the former 
are displaced towards to greater values of L/X. When N increases, the 
displacement decreases. The current distribution depends on N and differs from 
that along an ordinary linear radiator (A=l): the current magnitude in the singular 
wire decreases, the propagation constant of the wave along the radiator grows, the 
electrical length of the radiator increases [45]. As an example, the impedance of 
the multiple-wire cylindrical radiator with conic end sections is shown in the Fig. 
12b with solid curves, and that of the equivalent cylindrical radiator with the 
radius detennined in accordance with (5.48) - by the dotted curves. 

The multiple-wire radiators are constructed of wires with the equal lengths. If the 
antenna wires have different lengths, one can consider such antenna as a system of 
several radiators excited by a single generator (Fig. lb) of Chapter 1. The number 
and lengths of radiators are selected so as to ensure the mutual compensation of the 
reactances produced by the antenna elements and the radiation at small angles to 
horizon in the operation frequency band. Such antenna is called a multi-radiator one. 

The calculation of characteristics of multi-radiator antenna uses, as a rule, the 
programs based on the solution of integral equations by the numerical methods. 
Another method of such antenna calculation gives greater physical clarity and 
required less computer time. The currents distributions along antenna wires are 
found by means of the theory of electrically coupled lines, and the pattern and the 
input impedance are calculated by common methods, which are valid for a line 
radiator with the current equal to the total current of a multi-radiators antenna. 

The multi-radiators antenna (see Fig. 7) consists of central radiator 1 with 
complex loading impedance Z 0 and side radiators 2 placed around the central 
radiator along the cylinder generatrices and connected to the base of radiator 1. To 
simplify, assume identical geometric dimensions of the side radiators to be, 
though the problem can be solved in the general case. If the side radiators are 
identical, one can reduce the asymmetrical line to a two-wire one and obtain the 
solution for the current in an explicit form. Here, the first wire of the equivalent 
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asymmetrical line is the central radiator, and the second wire is a system of N-l 
side radiators (N is the total number of radiators). 



Figure 12: Multiple-wire radiator (a) and its input impedance ( b ). 


If the wires of the line have different lengths, and the loading impedance is 
connected in the first wire, it is necessary to divide the line into three segments. 
The expressions for the current and potential of the nth wire at /nth segment are 
given by (3.21). Here, m, n =1, 2, 3, the maximum number of wires at segment m 
is M= 2. The direction of z ; -increase is given in Fig. 7. 


The boundary conditions for the two-wire asymmetrical line shown in this figure 
appear as follows: 


;(!) 


= / (3) 
z,=0 *2 


■,=o = 0» H 


ti) 


i =1,-1, 


= i 


( 2 ) 


v(2) 


Z-) —l l-> 


= l 


(3) 


Zn=0 ? 


, 0 ) 


= ,d 2 ) -i^Z 

=i,-i, w i h 


z,=0 ’ U \ 


( 2 ) 


= n (3) 

z 2 =/ 2 -/ 3 u l 


,( 3 ) 


z,=0 ’ “1 


Z -1 —h 


= n* 3 ' 


z-i—U 


-e. 


(5.49) 


The conditions mean the absence of the currents at free ends of the wires and 
continuity of the current and the potential along each wire with the exception of 
the point where load Z 0 is placed and the potential step occurs. 
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Substituting (3.21) into (5.49) and solving the equation set, we find 

=/f) =0, l\ 2) = j 


0)_f3)_ n \ r(3)_ M l) s in(/ 1 -4)sin*(/ le -/ 3 ) 

JD SlnA Vl l 2)’ ‘\ ~ J m • 7/7 , \ 


A ( ? 


A ( ? 


sin 


k{L~h) 


T j (\) (2) 

(2) ~ 1 ff 1 sin A: (/, - / 2 ) cot k (/ le - / 3 ) ■ 

AY 


£/} J = 


7-7(3) t/fVf? sinA(/, -/ 2 )cosfc(/ le -/ 3 ) 

‘ = A ( ? 


(3) = t/fV? 1 sinfc(A ~Y)cosk(/ le -/ 3 ) 
2 " m sin k(l le -l 2 ) 


sin k(l le -l 2 ) 

.( 3 ) _ ^( 3 ) 


A ( ? 


1- 


Ph-Ph 


Pu 


tan k (l Xe - / 3 ) tan k/ 3 


A 01 = -eA? sin(/i e -/ 2 )-j Pu sin£(/, -/,)sin£(/ le - / 3 ) sin /c / 3 


J3) 


(2) 

1 “YrCOt k (l u ~1 3 ) COt A 

AY 


Here, one has taken in account that tf 1 ( 1 1) = p \\ ] , , l le is a complex 

quantity, obtained from the expression 


Z o - JPu coU(7, -l 2 ) = -jp (2) cot k(l ]e -l 2 ). 


,( 2 ), 


(5.50) 


The total current along the antenna as function of coordinate g = l m - z m is 


M 

A?)=14” = 


n =1 


TjV) 

i'-7ij-sink(/ 1 -y),/ 2 <y</ 1 , 

AY 

sin *( f „-kl) | / <1 

Pt! sin* (/„-/,) 

r« 


(5.51) 


. . 

' (If \A cosk(/ 3 -|^|) + A sink(/ 3 -|^|)),0 < |^| < / 3 , 
Ai 


sin k (/j - / 2 ) sin k (7 le - / 3 ) 

sin k (l u ~l 2 ) 


where 
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A=AT j 


sin^(/, -/ 2 )cos^(/ le , -/ 3 

i{ 1 

sinA'(/ 1 -/,) 

W (i) 

l"n 


'12 


1 


1 


w [i) w (3) 

"22 ''12 


The input impedance of the asymmetrical line is 
Z,=e/J A ( 0). 


(5.52) 


The expression permits in view of (5.51) to calculate approximately the reactance 
of a multi-radiators antenna, in the same way as the expression for the impedance 
of the equivalent long line permits to calculate approximately the reactance of the 
linear radiator. One can find the antenna impedance with greater accuracy, if the 
antenna is considered as a linear radiator with the current along it being the total 
current of the multi-radiators antenna. 

Field EAs calculated in accordance with expression (3.41). Function J 4 ($•) is 
continuous in the entire interval 0 < g < l x and behaves sinusoidally in each 


antenna segment. However, the function 


dJ A 

dg 


has a jump at the segment 


boundaries. Therefore, one must use (1.61). Substitution (5.52) into (1.61) gives 


E < = 


15 U\ 


(!) 


Pu 


3 C 

2X 


=1 


exp ( -jkR ml ) + exp ( -jkR ml ) 


v 


R,h\ 


R 


+ D, 


exp(-yM 0 ) 


14 


Rn 


(5.53) 


where 


D, 


! = l,D n =D x -—^--cos k(l, -l 2 ),D n = A - A cotA:(/i e -l 3 ),D l4 =2 (£), sin kl 2 -D 2 cos kl 3 ) 

sin k(l le -l 3 ) 


The electric field in the far region at the distance r is 
Eg = j\ 5kJ A (o) exp ( -jkr)H ( 0)/ r , 

where H (0) is the generalized effective height, namely 

7 

sin 6 


(5.54) 


m= 


A(o) 


lj A (gy‘"‘dg. 
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If 

J A (f ) = An C0S k (L - M) + J B n, Sin k (L ~ kl) > 4, + l ^ kl ^ 4, ’ 

then H(0) = -- 

v ’ kJ A (O)sin 0 

[~cos6 , sin(A'/ n cos 0) + sin k(l m - 1 m+1 )cos (kl m+l cos6 l ) + cos0cosA'(/ m -/ m+1 )sin(W m+1 cos#)]' 
+ jB m [cos(W„, cos#)-cosA-(/ ra -l m+1 )cos(kl m+1 cos#)-cos 9 sin k(l m -/ m+ i)sin(A7 ;ll+1 cos#)] 

Hence, the effective height of an asymmetric multi-radiator antenna is 

K = H ( 71 / 2 ) = -^-y X An sin * (4, ~ 4, + i) + J' B n, P - cos k(l m - l m+1 )] . 

Comparing (5.51) and (5.55), we find 


U\ 


(i) 


s 'n k{l\ e ~ l 2 ) 


4 = °> A = —m-* 4 =j 


Pu * 2 Pn sin k (l u - 4) 


_ L^i (1) Di cosk(l le -l 2 ) . _jUl A f/kA 

2 m • ,/, rN’^3 (!) ’ °3 (!) 


A 


f? sin k (l u - / 3 ) 


Ai 


Ai 


that is. 


[ 1 - cos £(/,-/,) + A sin A7 3 + A C ° S ^ ^ le ^ C ° S y ,e ^ + A (1 -cos kl 3 )} 
{ _ smC(/, g -/ 3 ) _J 

k (A cos&/ 3 + Z), sin Ar/ 3 ) 


The antenna radiation resistance is 


A — R a K ’ 


(5.55) 


(5.56) 


(5.57) 


. (5.58) 


(5.59) 


where R A is the active component of the input impedance, and R h is the loss 
resistance in load Z 0 referred to an antenna input: 
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(5 - 60 > 

Quantities W n ( s m) and //' ,!) are found, as a rule, with the help of the potential 
coefficients. 

DISCLOSURE 

Some of the material of the chapter are published by the author in the article 
"Calculation of electrical parameters of two-wire lines in multiple-conductor 
cables," - IEEE Trans. Electromagn. Compat., Vol. 50, No. 3, 2008, pp. 697-703. 
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CHAPTER 6 


Antenna with Loads 

Abstract: Application of the impedance line method to radiators with 
concentrated loads permits to create antennas with required characteristics, in 
particular, the wideband monopole, an antenna with the given current distribution, etc. 
Wideband radiators must have an exponential or linear in-phase current distribution, 
created by capacitive loads that vary, in particular, along the radiator length in 
accordance with linear law. In order to retain in-phase current distribution in a wider 
frequency range, the capacitances of these loads should vary in inverse proportion to the 
squared frequency. Using of capacitive loads in V-dipoles yields similar results. 

Keywords: Antenna with required current distribution. Capacitance of a bottom 
capacitor, Decrease of antenna reactance, Exponential current distribution, 
Freedom of antenna length choice, Frequency-dependent capacitance, Frequency 
ratio, High matching level, In-phase current distribution, Inverse problem of the 
radiators theory, Foad as parallel connection of a resistor and a capacitor, 
Maximal matching level, Negative inductance, Optimization of 12-meter 
antennas, V-dipole, Weakening the effect of metal structures upon the pattern, 
Wide-band monopole, Wide frequency range. 

6.1. INVERSE PROBLEMS OF THIN ANTENNA THEORY 

As said in Section 3.3, loads can be used to solve the inverse problem of the thin 
antennas theory - to create an antenna with required electrical characteristics. Of a 
great practical importance is a particular case of the problem: creation of a 
radiator that ensures, in a wide frequency range, a high matching level and the 
radiation maximum in the plane, perpendicular to the radiator axis. 

A typical linear radiator (thin, without loads) fails to meet the requirements. The 
reactive component of its input impedance is great everywhere, excepting the 
vicinity of the series resonance. This results in the antenna mismatch with a cable. 
If the radiator arm is longer than OJA, the radiation in the plane, perpendicular to 
its axis, decreases, since the current distribution along a thin linear monopole 
without loads (Fig. la) is close to the sinusoidal one and anti-phased segments on 
the current curve are formed at high frequencies (Fig. lb, curve 1). 
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By connecting concentrated loads across the radiator length, one can, depending 
on their magnitudes and points of connection, obtain the current distribution other 
than the sinusoidal one. The experimental results show that a radiator with linear 
in-phase current distribution exhibits good performance (high matching level, the 
directivity pattern of required shape) in a wide frequency range. In particular, such 
distribution is created by capacitive loads. The results confirm the known fact that 
the radiation maximum in the direction, perpendicular to the dipole axis, is 
attained, if the current is in-phase along the entire length of the antenna. 
Moreover, with the in-phase current, a long radiator has high radiation resistance, 
which allows increasing the matching level. 



Figure 1: A linear monopole (a) and laws of the current variation along it ( b ). 

Consider a monopole of height L with N loads Z n (Fig. 6b). Let loads be spaced 
uniformly at distance b along the antenna. If the distance is small {kb « 1), the 
current distribution along the antenna undergoes practically no change at 
replacing the concentrated loads with surface impedance Z(z) distributed across 
each segment length. Assume the surface impedance of each antenna segment to 
be constant and equal to Z (,,) then 

Z n =bzW/(2na H ), (6.1) 

where a n is the antenna radius at the nth segment. 

The current distribution along the antenna with a piecewise constant surface 
impedance is, in the first approximation, identical to that along an open-end 
piecewise uniform long line, i.e., a line with stepwise variation of propagation 
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constant (see Fig. 6b). In this case, wave propagation constant y n at the nth 
segment of the line is related to surface impedance Z (,,) by relationship 

-rl=k 2 -j2k X .Z^I( a ,Z„). (6.2) 

Here, x = ~f---=r is a small parameter value at the nth-segment. In the 

2[ln(2Z/a„)-lJ 

general case, y n is a complex quantity. In a particular case, when the quantity is 
purely imaginary ( y n = jk n ), the current distribution at the nth segment of the line 
is of sinusoidal nature. 

If the law of variation of the propagation constant, which allows ensuring the 
required current distribution, is found, expressions (6.2) and (6.1) can be used to 
calculate, first, the surface impedance and, second, concentrated loads Z n , 
respectively. 

The current at the nth segment of a stepped line at arbitrary y n is 

* / ( z „) = / „ sinh (z„ z „+^), 0<z„ <6, (6.3) 

where I n and <f> n are the current amplitude and phase at the nth segment, 
respectively, and z n is the coordinate counted off from the segment end, i.e., 
z n = {N-n + l^b-z . 

Suppose we want to obtain the given current distribution along a line, 

J( z ) = J A f(z), 0 <z<L, (6.4) 

where J A is the current at the line input (generator current), /(z) is a real and 
positive distribution function, which corresponds to the in-phase current. Equate 
currents J (z) and J ( z n ) at the beginning and the end of each line segment. In 
this case, if the segment lengths are small, the current distribution along a line is 
close to the required one. 

In accordance with (6.3) and (6.4), at z n - b and z n = 0, 
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/„ sinh( y n b + <fi n ) = J A f[(N-n)b], I n sinh tj) n = J J [(TV -n + l)b] 


Divide the left- and right-hand sides of the first equation into the respective sides 
of the second one. Assuming b a small magnitude and retaining the first terms of 
expansion of hyperbolic functions of small arguments into a series, we get 


tanh <j> n = y n b 


f\{N-n)b\ 
f[(N-n + l)b] 



For the (n + 1 )th segment, similarly to (6.5), 


tanh (j) n+x = y n+l b/ 


f[(N-n-l)b] 
f\(N-n)b ] 



(6.5) 


( 6 . 6 ) 


The voltage and current are continuous along a stepped line, hence 

tanh </> n+l = ( r n Jr n ) tanh (y n b + </>„). (6.7) 


Equations (6.5)-(6.7) represent a set of equations that allow relating y ;j and y n+l to 
each other. 


The set solution shows that quantity y n is independent of y n+l : 

1 L 2f[{N-n)b]-f[{N-,^m 
b\ f[(N-n + l)b] 

Function j (z ) characterizes the law of the current amplitude variation along the 
radiator. At linear distribution of the current amplitude (see Fig. lb, curve 2), 

J n\ z ) = J .A x - z l L )> 


i. e., 

A W = (£ - z)/i = [(* -1)6 + z,]/(M>). (6.9) 

The linear distribution is a particular case of the exponential one (see Fig. lb, 
curves 3 and 4): 
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^ 3,4 ( Z ) ^A 


exp(-az) - exp {-aL) 
1 - exp (-aL) 


i.e., 




exp (-az) - exp {-aL) 
1 - exp(-aL) 


sinh {(a/2 )[{n -1 )b + zjj 
sinh(aM> / 2) 


( 6 . 10 ) 


where a is the logarithmic decrement. At positive a, the current curve is concave, 
i.e., the current quickly decreases from the maximum value near the generator to 
zero near the free end of the antenna. At negatives, the current curve is convex, 
i.e., the current is more unifonnly distributed along the dipole. The curve 
steepness depends on the value of a. It is easy to show that at a —» 0, the 
expression for J 34 (z) passes into J 2 (z). 

Note two particular cases of the exponential distribution. At a —> -oo, the current 
distribution along the antenna becomes rectangular. At a — > oo, the current quickly 
decreases with growing z and is zero everywhere, except for the section near the 
generator. The use of the exponential distribution allows covering a wide class of 
distributions. 


Substituting (6.10) into (6.8) yields 


Yn = 


a 


yjl + coth[a(« -1)6 / 2]. 


( 6 . 11 ) 


In particular, if 0 < a « ML, 

Yn = yl a /[( n ~ l) 6 ] • ( 6 - 12 ) 

Thus, in order to obtain the concave exponential current distribution along a 
stepped line, the propagation constant should be real and vary along the line 
according to (6.11). In particular, in order to obtain a distribution close to linear 
one, the value of y n should be small and inversely proportional to the square root 
of distance from a given point to the free end of the line. 
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At a < 0, 

Y n = 7 y]coth[\a\(n-l)b/2]-l , (6.13) 


i.e., in order to obtain the convex exponential distribution, the propagation 
constant should be purely imaginary along the entire line. 

At large positive a, quantity y n is real, constant along the line length and equals 
to the decrement; at large negative a, the propagation constant tends to zero. The 
family of curves for y depending on coordinate z is given in Fig. 2. 

In the general case of the in-phase current distribution along the antenna, its 
pattern in the vertical plane has the form 

L 

F(0 ) = sin 0 J /(z) exp (jkz cos 6)dz. 

-L 

The meaning of function / (z) is clear from (6.4). 



Figure 2: Propagation constant at positive (a) and negative (h) logarithmic decrements. 

For the exponential distribution, the integral calculation results in the expression 
tan i9 

k 2 cos 2 & + a 


F, a {$) = 


y|&cosi9-e aL [&coS(9cos(&TcoSi9) + asin(&ZcoS(9)]j .(6.14) 
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In particular, for the linear distribution: 

F 2 ( 0 ) = (sint?/cos 2 #)[l - cos (kZ cost?)] . 

Fig. 3 demonstrates the patterns of antennas with linear and exponential 
distribution of the current amplitude. The antenna ann length varies from 3T/4 to 
4/t. For the sake of clarity, the curves are plotted in the rectangular coordinate 
system. Here, for comparison, patterns F 1 (6*)of a radiator with the sinusoidal 
current distribution are presented as well. 

As seen from the Figure, for linear and exponential distribution in contrast to 
sinusoidal one, the radiation maximum does not deviate with growing frequency 
from the perpendicular to the radiator axis. The increase of L/A makes the main 
lobe narrower and increases the directivity. When a decreases (including taking 
on negative values), the main lobe beam width decreases. 

The antenna input impedance in the first approximation is equal to the input 
impedance of a stepped long line: 

z / =-/^vCoth(y„h + ^), 

where W N = (;/ v / k j W , and W is the wave impedance of a metal monopole 
without loads (of the same dimensions). 

Using equations (6.6) and (6.7), we find 

Z,=-j(W/kb)[f{-b)- 1]. (6.15) 

As seen from the expression, reducing the reactive component of the input 
impedance requires a slow variation of function / (z) near the antenna base, so 
that the difference in square brackets should be a small quantity - on the order of 
kb. Otherwise, the reactive component of input impedance will be great. 


For the exponential distribution, replacing f(~b) with / 3 (-6) yields 
Z A> =-j(IV/kL)fAaL/ 2) 


(6.16) 
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where/ v (x) = x(l + cothx). The plot of function f x {x) is given in Fig. 4a. In 
particular, f x (x) = 1 for linear distribution, i.e., 

Z A2 =-jW/(kL). 



Figure 3: Patterns of antennas with linear, exponential and sinusoidal distribution of current 
amplitude for different arm lengths: (a) L = 3/1/4; (b) L = (c) L = 2A; (d) L = 4A. 


Fig. 4b compares input impedances X AI and X n of a uniform line with 
sinusoidal current distribution and a non-unifonn line with exponential current 
distribution as functions of frequency. Fiere, magnitude a is assumed constant. In 
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the first case the input impedance is a cotangent curve, in the second case, curve 
smoothly tends to the axis with growing frequency, and that allows ensuring good 
matching in a wide range. 


As seen from Fig. 4a and expression (6.16) for Z Ai , if a decreases, the input 
impedance of a long line at a given frequency diminishes. It means that a decrease 
of a results in a decrease of the reactive component of the antenna input 
impedance. The effective height grows concurrently, since the area bound by the 
curve of the current increases; hence, the radiation resistance grows, too. Thus, at 
exponential distribution, it is expedient to decrease a, in particular, into the region 
of negative values. 


“) 



- 2-1 0 1 2 * 



Figure 4: Plot of function f x (X j (a) and input impedances of uniform and non-uniform lines (h). 


The positive values of a correspond to real propagation constant y n , negative 
values - to purely imaginary one. The possibility of realizing this or that 
propagation constant (and, consequently, this or that in-phase distribution) 
depends on the realizability of the surface impedance (or concentrated loads, 
equivalent to it), which corresponds to the propagation constant. 


According to (6.1) and (6.2), 
~ll =k 2 ~jkz n Z n /(30b), 


(6.17) 
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In order to create the in-phase current distribution, quantity y n should be purely 
real or purely imaginary along the entire antenna, and quantity y 2 n , 
correspondingly, only positive or only negative: 

signy n 2 = const (n). 

For the in-phase distribution to take place in a wide frequency range, quantity y n 
should be real: 

rl > 0. (6.18) 

Indeed, were the values of y n (and also </> n ) purely imaginary, the hyperbolic sine 
in the fonnula (6.3) would become the trigonometric one. With frequency growth, 
the increase of argument will result in exceeding n, and the sine will change sign. 
If y n is real, then, as seen from (6.5), if function/(z) decreases monotonically, 
the sign of (j) n coincides with that of y n . It follows from (6.8) that condition 

/[(iV-n)h]<|{/[(iV-n + l)h] + /[(7V-n-l)h]} (6.19) 

should hold at real y n , i.e., function / (z) cannot be convex. 

Two options for condition (6.18) to be valid in a wide frequency range follow 
from (6.17). 

The first one takes place at 

kl ((j k X,Z,/(30b), (6.20) 

i.e., 

r, 2 =Ar,z„/(30/>) (6.21) 

If one takes into account that parameter % n is, strictly speaking, a complex 
magnitude (% n = % nX - j%„ 2 ), then the load admittance is according to (6.21), 
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Y n =\/Z,=jaC,+\/R, 


( 6 . 22 ) 


where 


c n = ^ n£ Xn\j (by;) , R „ = by] j{AKCCOX nl ) • 

As follows from (6.22), for quantity y 2 n to be positive, each load should be 
executed as a parallel connection of a resistor and a capacitor (Fig. 5a). The 
resistance of the resistor should then vary in inverse proportion to frequency, and 
the capacitance of the capacitor should remain constant. When creating an actual 
antenna, it is expedient to choose the value of R n for the middle frequency of 
band. 


To achieve required current distribution /(z) along the antenna, quantity y n 
should correspond to (6.8). Its substitution into (6.22) gives 


C n =47I£Z nX b 1 - 


f\(N-n + \)b] 


R, =- 


Zn\ 


7 i(T>C 

XL n2 n 


(6.23) 



Figure 5: An antenna circuit with capacitive and resistive elements (a) and frequency dependence 
of propagation constant (b). 
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By comparing (6.19) and (6.23), one can easily verify that, when inequality (6.19) 
holds, the values of C n are nonnegative. For exponential and linear distribution, 


Q 3 = 


8 ^X„ 


crhjl + coth a[n-\)b/2 j 


_ 4 ^ 

Qi2 - X, 
a 


n\ 


in- 1 ), R„ = 


Xnl 


Xn2 0)C n 


(6.24) 


One can see from (6.24) that in the particular case, if it is necessary to obtain a 
law of current distribution, close to the linear one, capacitances of loads should 
decrease towards the free end of the antenna in proportion to the distance from it: 

C, 2 =C„(n-l)/(jV-l), (6.25) 


where C^is the capacitance of the capacitor near the antenna base. The 
resistances of resistors should grow towards the free end of the antenna: 

Rn2=R N 2{N-\)l{n-\) (6.26) 


Thus, to create the in-phase current distribution ensuring high electrical 
performance of an antenna in a wide frequency range, each load should represent 
parallel connection of a resistor and a capacitor. The expediency of using a 
complex load to create a linear current distribution was for the first time indicated 
in [46], But later on, most attention was given to antennas with capacitive loads. 
The calculation results show that, if resistors are connected in parallel with 
capacitors, the linear law of current distribution along the radiator is followed 
more closely and the operating frequency range increases. However, connection 
of resistors results in decreasing the antenna efficiency, so the issue of their 
application should be decided in each particular case. 

Fig. 5b shows a plot of y] against frequency for an antenna with capacitive loads: 
rl =-k 2 + x, l] 4xe/(bC ll ). (6.27) 

For propagation constant to be real at given frequency f capacitances of 
capacitors should not exceed 
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c< 


Xnl 


30k be 


2.54-lQ 5 ^ 

fb 


(6.28) 


Here, c is the speed of light, capacitance C is measured in farads, if frequency/is 
in Hertz’s, and in picofarads, if/is in megahertz’s. Under the linear distribution, 
capacitance C N2 of the capacitor near the antenna base is greater than others and 
should be chosen in accordance with (6.28). Similarly, under other distributions, 
this expression determines the maximum capacity. 

As follows from (6.27), propagation constant at low frequencies is real along the entire 
antenna. As the frequency increases, the values of y n become purely imaginary (first 
of all, on segments adjoining the generator), i.e., the current distribution along these 
segments of the radiator becomes sinusoidal, and the main lobe of the pattern deviates 
from the perpendicular to the dipole axis. This effect limits the antenna frequency 
range from above. From below, the range is limited by frequencies, where the reactive 
component of input impedance is still great. Lest magnitude y n should become purely 
imaginary with growing frequency, the capacitances of capacitors should decrease 
with its increase ( e.g ., vary in inverse proportion to its square). 

Considering the second option for realization of condition (6.18) in a wide 
frequency range, one can make a similar conclusion. It takes place, if the second 
tenn of the right-hand side of (6.17) is proportional to k 2 : 

-rl=e[l-jx„zj{ii>kb)}, (6.29) 


i.e., load Z n represents negative inductance A n : 

z „=-jco\\\ (6.30) 

with |A n | = 30b(l + yl/k 2 ^/(x n e). At small y n /k the inductance is independent 
of frequency/ 

In this case, the value of y 2 n = k 2 [/„ |A n |c/(30b)-l] is positive, if 
| A „|>30 b/(z„c). 


(6.31) 



Antenna with Loads 


The Theory of Thin Antennas and Its Use in Antenna Engineering 111 


The negative inductance is a circuit element, whose impedance is purely reactive, 
negative and proportional to f It is equivalent to frequency-dependent 
capacitance: 

-jco\A n \ = l/(jo?C„), (6.32) 

where 

C,=l/(® 2 |A.|) = C, 0 / a ! // 2 , (6.33) 

C n0 is the magnitude of capacitance C n0 at frequency f=fo and is independent of f. 

Thus, to retain the in-phase current distribution in a wide frequency range, the 
capacitances of concentrated loads connected into antenna should vary in inverse 
proportion to the squared frequency. As one can easily verify, at connection of 
negative inductances A n =-30 b/(% n c) in series with loads detennined by 
expression (6.22), inequality (6.18) is valid at all frequencies and the restriction 
(6.20) is lifted. 

The proposed method allows making a number of practical conclusions. For the 
loads to efficiently affect the law of current distribution, the distance between 
them should be small in comparison with the wavelength. Only capacitors are to 
be used as reactive elements when creating a wide-range dipole, since connection 
of reactive two-tenninal networks of a more complex type, their structure 
including inductance coils, results in narrowing of the working range. 

Capacitors enable one to create, in a wide frequency range, an electromagnetic 
wave with real propagation constant along an antenna, which corresponds to the 
exponential distribution of the current amplitude with positive decrement 
(concave curve of the current). Obtaining a convex curve of the current with the 
help of simple concentrated elements (resistors, capacitors, inductance coils) is 
impossible. Among distributions with positive a, the antenna with distribution 
close to linear, which is created by capacitances decreasing to the free end of the 
antenna in proportion to the distance from it, has a higher matching level and 
narrower main lobe of the directivity pattern. 
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6.2. CALCULATIONS AND MEASUREMENTS 

The described method of the analysis is based on the theory of a radiator with 
surface impedance varying with the length. On the one hand, the method is a 
sufficiently general one and allows deriving analytical expressions for magnitudes 
of load impedances, which ensure different laws of the current change along the 
radiator. On the other hand, it has, to a certain extent, of approximate nature, i.e., 
requires verification by calculations and experiments. 

Consider, as an example, a monopole of height 6 m and radius 6.67-1 CP m with 
10 capacitors, which are connected along it at distance 0.6 m from each other. The 
capacitance of the capacitor near the base is adopted to be 17.7 pF (then, 
propagation constant y n is real along the entire antenna up to frequency 40 MHz), 
and the capacitances of other capacitors are calculated by (6.25). 

The calculation of the radiator electrical characteristics uses the general-purpose 
programs, which are, as a rule, based on the principles described in Section 2.5, 
i.e., on the generalized method of induced emf. For an antenna with loads, they 
use the set of equations (2.71). 

Fig. 6a shows the frequency dependence of active R A and reactive X A components 
of antenna input impedance as well as TWR in cable with wave impedance 
75 Ohm. Here, for the sake of comparison, the experimental data obtained on a 
full-scale mock-up are given. Fig. 6b also presents the calculated vertical 
directivity patterns. 

Calculations and experiment confirm that characteristics of radiators with loads 
are much better than those without loads. Under identical requirements to 
electrical characteristics, the frequency ratio is from 1.3 to 1.5 for a thin whip 
antenna, from 1.5 to 3 - for radiators of the same dimensions with capacitive 
loads, and from 3 to 4 - for radiators with capacitive-resistive loads. Here, the 
upper limit of the frequency range for antennas with loads is defined by the 
deviation of the main lobe of the directivity pattern from the perpendicular to the 
dipole axis. As to the matching level, it remains high in a wider range (with 
frequency ratio about 10). 
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The antennas with frequency-dependent capacitances have a wider frequency 
range than those with constant ones. Fig. 7a gives TWR of three antennas variants 
in cable with wave impedance 75 Ohm. The calculations are performed for an 
antenna of height 12 m and radius 0.03 m, with 10 capacitors connected at 
distance 1.2 m from each other along it (the top and bottom ones are away from 
the antenna ends for 0.6 m). 



Figure 6: Input characteristics (a) and patterns (b) of a radiator with constant capacitive loads. 


Curve 1 in Fig. 7a corresponds to a radiator without loads (a whip antenna), curve 
2 - to a radiator with loads, whose capacitances are frequency independent. Here, 
value C N0 of the bottom capacitor is chosen to be 177 pF (from the condition of 
y n being real at frequencies up to 10 MHz), and capacitances C n0 of others 
capacitors decrease to the free end of the antenna in proportion to the distance 
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from it, which allows obtaining a law of current distribution along the radiator 
close to the linear one. Curve 3 is plotted for a radiator with frequency-dependent 
capacitive loads corresponding to (6.33), with f 0 = 20 . 

Table 1 gives lower f x and upper f 2 frequencies of the working range of each 
antenna, with being the frequency, where TWR becomes greater than 0.2, and 
f 2 - the one, where the field strength along the perpendicular to the axis becomes 
less than 0.7 of the maximum (as a rule, it corresponds to the second maximum on 
the traveling-wave ratio curve). The TWR of a whip antenna quickly decreases 
with growing frequency below the level of 0.2, with the value of frequency 
corresponding to this point taken as f 2 . Besides, range width A/ = f 2 - f\ and 
frequency ratio k f = f 2 / f\ are presented. 

As seen from Fig. 7a and Table 1, variant 3 at low frequencies approaches an 
antenna without loads as to the matching level, and upper limit f 2 displaces to the 
right, since the main lobe of directivity pattern deviates from the perpendicular to 
the dipole axis at a higher frequency. In addition, the minimum TWR at the 
operating range center increases. 



Figure 7: Input characteristics (a) and patterns (h) of a radiator with frequency-dependent 
capacitive loads. 
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Fig. 7a gives also the results of experimental verification of variant 3 
performance. The measurements are performed on an antenna mock-up at scale 
1:10. The frequency range was split into short intervals, with capacitor 
capacitances in each of them selected equal to those of variable capacitances at 
the section center. The agreement of calculated data with experimental ones is 
good. 

Fig. 7b gives calculated curves for patterns of the same antennas variants (in the 
vertical plane) as well as experimental values for variant 3. 


Table 1: Bandwidth ratio of radiators 


Variant 

of antenna 

Frequency, MHz 

Range width 

A f , MHz 

Frequency 
ratio k f 

A 

fi 

1 

5.2 

7.7 

2.4 

1.5 

2 

12.3 

26.0 

13.7 

2.1 

3 

6.3 

34.0 

27.7 

5.4 


The task of implementation of frequency-dependent capacitances is not easy, but 
has prospects. In principle, it can be accomplished by placing some material, 
whose penneability varies with frequency under given law ( e.g ., manufactured 
dielectric) between capacitor plates. Yet, the use of tunable capacitors seems to be 
more realistic. In this case, (6.33) detennines the optimum frequency dependence 
of the capacitances. The smooth tuning of elements can be replaced with stepwise 
one, which is easier to implement. 

The method of analysis, based on the theory of an impedance dipole, allows 
finding potential capabilities of antennas with loads. Furthermore, the results 
obtained with its help can be used to solve the optimization problem of an antenna 
with loads by the mathematical programming method, described in Section 3.3. 

6.3. SYNTHESIS OF A WIDE-BAND MONOPOLE 

As shown in Section 3.3, the software for antenna synthesis by the mathematical 
programming method can be used to choose the optimum capacitive loads that 
allow to ensuring the maximum level of TWR and PF in given frequency range J\ 
- f 2 . The number of loads and places of their connection are fixed. 
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Fig. 8 gives the basic dimensions of an antenna with loads. It is a monopole of 
height 12 m with nine capacitors spaced equidistantly from each other, with 
insulator at the base. 



Figure 8: Basic dimensions of optimized antennas with nine capacitors. 

Capacitor C ( connected in the antenna base in parallel to its input is equivalent of 
a typical ceramic insulator, and its capacitance is 15 pF. The basic parameters of 
the antenna at hand are summarized in Table 2. Optimal capacitive loads are given 
in Table 3. 

Frequency ratio of the variants 1-6 is two. As seen from Table 2, at frequencies up 
to 30 MHz, the increase of antenna radius from 0.03 m to 0.15 m results in the 
minimum TWR growing approximately 1.5 times. The variation of radius has a 
slighter effect upon the minimal PF magnitude. 

Fig. 9 shows the electrical characteristics of variants 1-3 as well as of a whip antenna 
with the same geometrical dimensions and the same capacitance C,. The 
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characteristics of the antenna with radius 0.15 m have a similar nature. As seen from 
the Figure, the TWR curve can have two maximums at high frequencies. The PF 
curve does not decrease monotonically with frequency, but has extremums, too. 

Table 2: Main parameters antenna 


Variant 

Height 

L, m 

Radius 

a, m 

Numbers of 

capacitors N 

iange width 

A f , MHz 

N f 

M 

TWR 

min 

PF 

min 

1 

12 

0.03 

9 

7.5-15 

16 

4 

0.123 

0.819 

2 

12 

0.03 

9 

15-30 

16 

4 

0.273 

0.610 

3 

12 

0.03 

9 

30-60 

16 

5 

0.360 

0.562 

4 

12 

0.15 

9 

7.5-15 

16 

4 

0.205 

0.813 

5 

12 

0.15 

9 

15-30 

16 

5 

0.414 

0.680 

6 

12 

0.15 

9 

30-60 

16 

4 

0.380 

0.605 

7 

12 

0.03 

9 

8.5-13 

10 

3 

0.217 

0.870 

8 

12 

0.03 

9 

13-22 

10 

5 

0.216 

0.790 

9 

12 

0.03 

9 

22-60 

20 

8 

0.204 

0.437 

10 

12 

0.15 

9 

8.5-13 

10 

5 

0.314 

0.892 

11 

12 

0.15 

9 

13-22 

10 

4 

0.278 

0.859 

12 

12 

0.15 

9 

22-60 

20 

5 

0.322 

0.565 


Table 3: Optimal capacitive loads 


Variant 

Optimal capacitive load, pF 


C i 

C 2 

Q 

Q 

Q 

Q 

Q 

Q 

C 9 

1 

37.3 

81.1 

127 

181 

258 

369 

516 

691 

883 

2 

8.7 

20.6 

36.5 

51.1 

58.7 

53.3 

50.6 

88.1 

156 

3 

2.0 

3.9 

5.4 

6.1 

9.5 

12.2 

15.7 

21.1 

18.3 

4 

51.2 

134 

219 

340 

477 

633 

804 

981 

1150 

5 

10.7 

28.4 

57.0 

76.7 

86.4 

86.8 

53.5 

216 

409 

6 

4.5 

19.0 

11.4 

15.8 

26.4 

29.8 

32.4 

23.0 

35.7 

7 

33.9 

72.8 

115 

164 

223 

296 

385 

492 

608 

8 

8.4 

18.4 

30.3 

40.4 

47.1 

53.3 

82.8 

151 

248 

9 

1.7 

5.6 

12.2 

11.7 

17.6 

41.0 

30.5 

56.4 

240 

10 

21.1 

0.2 

39.2 

231 

519 

909 

1380 

1900 

2450 

11 

20.3 

76.3 

122 

78.5 

0.1 

107 

351 

761 

1340 

12 

2.9 

26.9 

0.3 

42.1 

22.6 

59.1 

35.8 

55.0 

73.1 
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In addition to calculated curves, the figures give the results of experimental 
verification, carried out on mock-ups at scale 1:5 (by dots and other symbols). 
The calculation and experiment agree well. 




Figure 9: Input characteristics of 12-meter antennas of radius 0.03 m (a) and their patterns ( b ). 




Figure 10: Input characteristics of 12-meter antennas of radius 0.15 m (a) and their patterns (h). 
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As follows from Table 2 (variants 1-6), at identical frequency ratios, the level of 
antenna matching with a cable in various ranges differs substantially and increases 
as the frequency grows. To obtain more uniform and better, on the whole, 
characteristics over the entire frequency range (at constant number of subranges), 
it is expedient to split it into such sections that the frequency ratio of a subrange 
should increase with growing frequency. The results of solving the problem are 
presented in Table 3 as variants 7-12. 

The electrical characteristics of variants 10-12 as well as of a monopole of radius 
0.15 m without loads (with capacitance C j in the base) are given in Fig. 10. Data 
of Table 3 confirm a general increase of the TWR level in comparison with 
variants 4-6. In all subranges, the larger antenna radius increase causes the 
minimum TWR level to become higher (approximately 1.5 times), together with 
PF level, especially at high frequencies. 

The results of optimization of 12-meter antennas with capacitances C j = 15 pF in 
the base are used to plot the curves for the minimum TWR values as a function of 
relative antenna length L/ T max (/t max is the maximum wavelength of the range) at 
various frequency ratios k f and antenna radii a in Fig. 11. These curves detennine 
the maximum obtainable characteristics, which can be attained with the help of 
antennas with constant capacitive loads. 

The calculation results show that, if necessary, the antenna range can be expanded 
in the direction of high frequencies at a sufficiently high TWR level, but the 
patterns in the additional (high-frequency) range deteriorate substantially. In this 
connection, the frequency ratio of an antenna with capacitive loads does not 
exceed 3 (at PF > 0.5 and TWR> 0.2). 

Thus, the synthesis software is an efficient method of optimization of antennas 
with capacitive loads. The softwear can be used to optimize antennas with loads 
of other kinds. It can also be applied to find loads ensuring the required current 
distribution along the radiator. 
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6.4. CREATION OF A DESIRED CURRENT DISTRIBUTION. 
WEAKENING OF THE SUPERSTRUCTURE EFFECT 

When synthesizing a wideband radiator with loads by the mathematical 
programming method, the values calculated by the method of an impedance long 
line are taken as the initial ones for the loads. One can use the method also to 
choose the initial values of the loads in the synthesis of a radiator with given 
current distribution. In addition to it, another approximate method of calculating 
the value of loads is known. With the help of the method, given current 
distribution is used to find the law of increase of the equivalent length of a line 
along the latter, which allows calculating the loading impedance of each section. 
The use of the method of a long line with loads and the method of an impedance 
long line yields similar results. 


TWR min 



Figure 11: The maximal obtainable matching level of an antenna loaded by constant capacitances. 

If loads are uniformly distributed along an antenna at small distance b from each 
other {kb « 1), the method of a long line with loads allows arriving at the 
following expression for loading impedance (see Fig. 6b): 

t W\f[{N-n-m „ , 2 h 2 sfW-n + l)b]} 

= - J Tb\ f\(N-n)b] ~ 2Hl + k ] f[(N-n)b\ j 


Z 


(6.34) 
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where W is the wave impedance of an equivalent long line, and /(z) is the 
function of the current distribution along it, which is assumed to be real-valued - 
see (6.4). 

Expression (6.34) is derived by equating current J ( z n ) at the beginning and the 
end of each line segment to given current J A f (z). Since the segment lengths are 
small, one can limit oneself to the first terms of series expansion for trigonometric 
functions. At exponential distribution described by (6.10): 

Z.=\ 1/P'fflC,). (6-35) 

where 


C n = b (l - e nab ) j\lWc (cosh ab -1)] . 

Here, as seen from the last formula, the sign of C n coincides with that of a. Thus, 
from the method of an equivalent line with loads it follows also that, if the 
exponential current distribution (with decrement a that is not small) is to be 
obtained, loads should be of the capacitive nature. At that the capacitors allow 
creating only a concave current distribution (a> 0). In order to obtain a convex 
curve for the current amplitude, the capacitances should be negative. 

The capacitance values found by the method of an equivalent long line with loads 
were used as a zero approximation for the synthesis of an antenna with given 
current distribution by the mathematical programming method. The calculation 
was carried out for the antenna of height 6 m with 10 capacitive loads described in 
Section 6.2. The synthesis results in frequency range 40-80 MHz are given in Fig. 
12 . 

The calculation assumed N f = 9, A, =11; the zero approximation is found at 
frequency /= 60. As seen from the Figure, the obtained distribution is, on the 
whole, close to the given one, but is not identical to it. 
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a) | J/J A \ b) \J/J A 



Figure 12: Amplitude and phase of the current along 6-meter antenna: distribution close to linear 
one (a) and to exponential one with Oi =2 ( h ). 



Figure 13: An antenna near a superstructure (a) and its pattern in the horizontal plane ( b ). 


The use of loads gives also freedom in choosing the antenna length (with 
allowance for design options), since it permits securing the required 
characteristics in the necessary frequency range at given antenna length. The 
freedom in choosing the radiator length enables weakening the effect of adjacent 
metal structures, e.g., of superstructures, upon the pattern of an antenna or an 
antenna array. Fig. 13 shows the calculation results for the pattern of a monopole 
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situated near a metal superstructure shaped as a circular cylinder of finite length. 
The pattern in the horizontal plane is calculated at two frequencies of HF range. 

Two variants of monopoles considered are: (1) a monopole of height 6 m and 
diameter 0.016 m without loads, (2) a monopole of height 12 m and diameter 
0.06 m with 9 capacitive loads selected with the view to ensure the optimal 
electrical characteristics at frequencies from 8 to 22 MHz. The relative position of 
the superstructure and the monopole as well as the superstructure dimensions are 
shown in Fig. 13a. The calculation had the circular cylinder replaced with a wire 
structure of equidistant conductors located along cylinder generatrices and the 
radii of its end surface. As is seen from Fig. 13b, the radiation of an ordinary 
monopole in the direction of superstructure falls off sharply, and the use of a 
monopole with loads allows lessening this effect. 



'O 


Figure 14: A linear array near a superstructure (a) and its pattern in the horizontal plane ( b ). 

Fig. 14 shows similar results for a unifonn linear array situated near a 
superstructure. The same two variants of monopoles are adopted as array 
radiators. The relative position of the superstructure and radiators as well as the 
superstructure dimensions are shown in Figure, the phase shift between radiators 
assumed zero. The calculation results show that in the upper part of the frequency 
range, the superstructure effect upon the directivity pattern of antenna array of 
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monopoles without loads is slighter than upon that of an isolated monopole. This 
is, apparently, related to the fact that the superstructure does not hinder the 
propagation of electromagnetic waves from side radiators. Nevertheless, the use 
of monopoles with loads allows in this case, too, to weaken the superstructure 
effect and to increase the signal in its direction. 

6.5. CAPACITIVE LOADS IN V-DIPOLES 

Capacitive loads can also be used to improve the electrical characteristics of a 
directed V-antenna. At arm length L greater than 0.72, an ordinary V-antenna 
becomes a directed one with preferential radiation along the bisector of the 
opening angle. However, with growing frequency, the main lobe of the pattern in 
the antenna plane splits, and the radiation along the bisector decreases. 
Connection of capacitive loads allows expanding the frequency range, where the 
directed radiation along the bisector takes place, and increasing the antenna 
directivity in this direction. 

Consider a symmetric V-dipole with arm length L and arbitrary angular aperture 
a -n:-26 (Fig. 15). The far field along the bisector of the angular aperture, 
which is created by an elementary segment of the upper antenna ann with 
current J[g), is 

^($')^ = ^( 0 )[* / ($')/* / ( 0 )]e x P(7^sin6' 0 )J$-, (6.36) 

where E e {Q)dg is the field created by a segment of the upper arm located near 
point O with current J( 0), kg sin# 0 is the path-length difference, £ is the 
coordinate counted off along the radiator axis. 

For the far fields of different segments of the dipole upper arm to coincide with 
each other in phase, the current distribution along this arm should conform to 
expression 


^(?) = ^(0)/(c)exp(-yA^sin^ 0 ), 
where f(g) is a real and positive function. 


(6.37) 
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Figure 15: V-dipole with loads. 

Let N loads Z n be connected in each dipole arm, and they connected unifonnly 
along the antenna wire at distance b from each other. If the load spacing is small 
(kb « 1), then, as well as for the linear dipole, the current distribution along the 
antenna undergoes practically no change at replacement of concentrated loads 
with distributed surface impedance Z ($•). Assume the surface impedance of each 
antenna segment with load Z n constant and equal to Z 1 " 1 . 

As is said in Section 1.4, the current distribution along the antenna with piecewise 
constant surface impedance coincides in the first approximation with that along an 
open-ended piecewise uniform long line, i.e., the line with stepwise variation of 
propagation constant (see Fig. 6b). Here, wave propagation constant y n of the line 
nth segment is related to surface impedance Z (w, by (6.2). If the variation law of 
propagation constant, which allows ensuring the required current distribution 
(6.37), is known, one can use quantity y n to calculate, with the help of (6.17), 
concentrated loads Z n needed for that. 


The current along the nth segment of a stepped line is 

J{s n ) = sinh (AA« + h )’ 0 ^ fn ^ b , 


(6.38) 
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where I n and </> n are the current at the antinodal point and its spatial phase at the 
nth segment, g n = ( N - n + l)h - g is the coordinate counted off from the segment 
end. Equate current J(g n ) at the beginning and the end of each line segment to 
current J(g) ensuring the phase coincidence of far fields from all dipole 
segments. The current inside each line segment does not coincide with current 
J(g). However, if the segment lengths are small, the current distribution along 
the line is close to J(g ). 

According to (6.37) and (6.38), at g n = b and g n = 0: 

/„sinh(^h + ^„) = J(0)/[(A-n)h]e x p[-jA:(A-n)hsin6» 0 ], 

I n sinh^ H = J(0)/[(A-n + l)h]exp[-j'A:(A'-n + l)hsin^ 0 ] . 


Divide the left- and right-hand sides of the first equation into the corresponding 
sides of the second one. Considering b a small quantity and retaining only the first 
tenns of series expansions for trigonometric functions of small arguments, we get 


,anh *• = r - b ! {/[( T ,^! 1 )*] 0+ jkb sin e ° y -*} •■ 

In similarity to (6.39), for the (n + 1 )th segment: 

,anh A., = { — f {l+jkb sin 1g o> •~ ‘} ■ 


(6.39) 


(6.40) 


Voltage and current are continuous along a stepped line. Therefore, (6.17) is valid. 
Together with (6.39) and (6.40), it fonns a set of equations that allows relating y n 
and y n+l . It follows from its solution that quantity y n is independent of y n+l : 



2f[(N-n)b-f\(N-n-\)b~]\ 
f[(N-n + l)b] 


2 jkb sin O 0 


f[(N-n)b]-f[(N-n-\)b ] _ ^ ^ 
f[(N-n + \)b] 


This expression generalizes (6.8) for a linear dipole and transfonns into it at 

£o=0. 
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The possibility of implementation of propagation constant y n is determined by 
that of concentrated loads. According to (6.17), at low frequencies, when 
inequality (6.20) and equality (6.21) that follows from it are valid, the load value 
is 

Z„=-jV)(r,bf l(kb X ). (6.42) 

By substituting (6.41) into (6.42), we get 

Z, = R, + 1 /(y'fflC,,). (6.43) 

where 


R n = —sin 0 O 
X 

C n = AneJ>x! 


f[(N — n — 1)6] — f\(N — n)b] 
f[(N-n + l)b] 

T 2f[(N-n)b]-f[(N-n-])b] 
| f[{N-n + \)b] 


As seen from (6.43), each load should be a series connection of a resistor and a 
capacitor, with the resistor resistance positive, if function f(g) decreases 
monotonically with growing and the capacitor capacitance positive, if function 
f{g) is concave. Here, the resistance depends on the angular aperture of the 
antenna and the form of function f{g ), whereas the capacitance - on the latter 
only. 

For a linear radiator with loads ensuring the maximum radiation in the plane, 
perpendicular to its axis, each load should, when condition (6.20) holds, represent 
a capacitor. Capacitors ensure real wave propagation constant y n and an in-phase 
current distribution along an antenna. For a V-dipole, a resistor is to be connected 
in series with a capacitor, which will result in a phase delay of the current wave 
along an antenna wire. Such phase delay is necessary for a V-dipole, as it 
compensates the path-length difference from individual dipole segments to an 
observation point and ensures phase coincidence of the far fields of the segments 
along the bisector of the angular aperture. 
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The use of resistors in a transmitting antenna is inexpedient. This means that the 
loads of a V-dipole should not differ from those of a linear radiator, which ensure 
an in-phase current distribution along a wire. 

At high frequencies, when condition (6.20) is invalid, the in-phase current 
distribution along a linear radiator takes place, if the load represents a negative 
inductance (a capacitor with the capacitance varying in inverse proportion to 
frequency squared). Similarly, the load for a V-dipole should be a series 
connection of a capacitor with a frequency-dependent capacitance and a resistor. 
For propagation constant to be real and the current distribution along an antenna 
to be the in-phase one, the capacitances should not exceed the value determined 
by inequality (6.28). 



L/K 


Figure 16: Directivity of a V-dipole (a) and of a linear dipole ( b ). 

As an example, we shall consider a V-dipole with arm length L= 1.5 m and radius 
0.025 m. Fifteen capacitors are connected in each arm with spacing 0.1 m from 
each other (the first and last one are 0.05 m distant from the end and center of the 
antenna). The capacitances of the capacitors nearest to the generator are chosen to 
be 33.5 pF. Then, the wave propagation constant remains real at frequencies up to 
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100 MHz. The capacitances of other capacitors decrease to the antenna end 
according to the linear law. As shown in section 6.1, a current amplitude 
distribution along an antenna arm, which is close to linear one, and high matching 
level are ensured in this case. 



Figure 17: Patterns of V-dipole in the antenna plane. 


Fig. 16a shows the directivity of V-dipole with capacitive loads (curve 1) and 
without loads (curve 2) along the bisector of the angular aperture (the angle 
between the dipole arms is 90°). For the sake of comparison, Fig. 16 b shows 
similar curves for a linear dipole (curve 3 with loads, curve 4 without loads). The 
values of loads and the antenna ann length are the same. The calculations are 
performed in a frequency range from 100 to 500 MHz. 

As seen from the Figure, the directivity of a linear dipole without loads in the 
direction, perpendicular to its axis, quickly decreases at L « (0.6-0.7)/t. For a 
linear dipole with loads, this threshold value is found as L « (1-1 .2)1. V-dipoles, 
especially with loads, allow achieving a high directivity along the bisector of the 
angular aperture in a substantially wider frequency range: at frequencies from 350 
(L = 1.752,) to 500 MHz (.L = 2.5/1), loads raise the V-dipole directivity by a factor 
between 1.4 and 2.8. 
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Figure 18: Patterns of V-dipole in the plane, perpendicular to the antenna plane. 

Figs. 17 and 18 give the patterns of the described V-dipole with loads (curve 1) 
and without loads (curve 2) in the antenna plane and the plane perpendicular to it. 
The calculated curves are compared with the results of experiment (circles). 

As shown in Section 3.3, electrical characteristics of an antenna with loads can be 
improved by optimal selection of the latter with the help of the mathematical 
programming method. Here, to calculate the zero approximation, it is expedient to 
use the method of a stepped (piecewise unifonn) impedance long line. In the 
considered example, the mathematical programming method allows raising the 
directivity level of V-dipole with loads in the lower part of a frequency range 
(Fig. 16a, curve 5). 

A V-dipole with capacitive loads can be used as a directional antenna of VHF 
range. 
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CHAPTER 7 


Compensation Problem 

Abstract: Issues of applying the compensation method application are studied, 
including the heterogeneous nature of the media, optimal placement of main and 
auxiliary radiators, the dark spot dimensions, the reduction factor and variation of the 
total and local SAR, retention of patterns and field strength. Results of calculations, 
performed by different methods, are compared with each other and with experiment. A 
technique of protecting system against external action is described; the automatic 
adjustment circuit is developed. Recommendations for using the compensation method 
in a wide frequency range are given. 

Keywords: Additional radiator, Automatic adjustment circuit, Compensation 
method, Dark spot, Dark spot boundary, Employment of reflectors, Equivalent 
relative permittivity, External actions, Heterogeneous media, Higher efficiency of 
fields retention, Homogeneous medium, Low efficiency of the variant of currents, 
Main radiator, Proximity of metallic bodies, Radiation pattern, Radiators 
placement at equal distances from the compensation point, Reduction factor, 
Retention of driving currents, Retention of radiators fields, Total and maximum 
local SAR, Use of two additional radiators, Wideband field compensation. 

7.1. DIMENSIONS OF DARK SPOT AND THE FACTOR OF LOSS 
REDUCTION 

Application of the compensation method requires analyzing its efficiency. To this 
end, one needs to calculate the field in the space surrounding a radiator and to 
estimate the irradiation reduction factor. The problem is complicated due to the 
heterogeneous nature of the medium. For example, cellular handset antennas are 
in close proximity to the user’s head, hand and body, which consist of multiple 
tissues with different pennittivity, much higher than that of free space. Since the 
field strength and hence the dissipated power are at their maximum near the 
antenna, the capability to calculate correctly the near field of the antenna with due 
account of the user’s body‘s presence is crucial for accurate results. 

Consider a linear antenna tangent to the user’s head that is modeled with a vertical 
prolate ellipsoid (see Fig. la). One may treat the structure as a linear radiator 
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situated along the (plane) boundary between two half-spaces: air with £ r =\ and 
the head with^.^1, as shown in Fig. lb. It is a crude approximation, because the 
head dimensions are on the order of the wavelength. 


The problem of finding the electromagnetic field of a linear radiator located along 
the boundary between two media reduces to calculation of the electrostatic field in 
a heterogeneous (or more exactly, piecewise-homogenous) medium [47]. Such 
problem arises, in particular, if an isolated wire is located at the interface of two 
media, e.g., air and a dielectric medium with^AL, as shown in Fig. lc. 



Figure 1: Model for the head and an adjacent linear antenna (o), the latter at the interface between 
two half-spaces ( b ), electrostatic field of a charge in a heterogeneous medium (c). 


As said in Section 4.5, the known solutions relating to electrostatic field of 
charged conducting bodies can be used to solving similar, yet more complicated 
problems. Employing the correspondence principle, one can conveniently use the 
electric field of a line charge to find the magnetic field produced by a constant 
linear current, provided that the current and the line charge have the same spatial 
distributions. Furthermore, the structure of the quasi-stationary electrical field of 
alternating linear currents is known to be similar to that of the magnetic field 
created by constant linear currents. As known from the antenna theory, in the first 
order approximation, the near field of an antenna is a quasi-stationary nature. 


So, if the electrostatic field of charged conducting bodies is known, one can 
determine the structure of the antenna near field. This analogy with the 
electrostatic problem allows reducing the calculation of the antenna near field in a 
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piecewise-homogenous medium to an approximate field calculation in a 
homogenous medium. But, the near field of an antenna is of quasi-stationary 
nature in the first order approximation only, and so the results must be verified by 
a simulation tool such as the CST program. 

The solution for the electrostatic field in a heterogeneous medium shown in Fig. 
lc, where an isolated charged straight wire is situated at the interface of two 
homogeneous media, is based on the fact that the potential on the wire surface is 
constant and the potential at a great distance from a charged wire is the same in all 
directions. It is natural to assume the equipotential lines to be circumferences 
around the wire, and the equipotential surfaces are cylinders. As shown in [48], 
the field in a piecewise-homogenous medium (from two homogeneous media) 
coincides with that in a homogenous medium with equivalent relative permittivity 

£,=(1 + 0 / 2 . (7.1) 

If the dielectric medium is homogeneous (the permittivity is constant) the 
equivalent medium is also homogeneous, and the field in the piecewise- 
homogenous medium coincides with that in a homogenous medium, which has 
equivalent relative permittivity G e . Thus, starting from the correspondence 
principle, one can show the expressions for the field components of a linear 
radiator located at the boundary of two media to differ from those relating to a 
homogenous medium only with the relative permittivity quantity. 

It is known from the literature that the relative pennittivity of the brain, muscles 
and skin has similar values and on the average is about 40-50, with only the 
pennittivity of bones differing substantially from the value. Accordingly, 
equivalent permittivity £ e is close to 20-25, and the field values in the vicinity of 
an antenna located near the head can be calculated in a homogenous medium with 
£ e . Therefore, taking into consideration the quasi-stationary structure of the near 
field of the antenna, the irradiation reduction factor can be obtained in the first 
order approximation by calculating the field strength under the assumption of a 
homogenous medium. 

If the distance from the antenna to the head is not zero, yet small in comparison 
with the wavelength, one can consider the field in the equivalent homogeneous 
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medium as the first approximation to the field inside the head. Here, the field 
close to the antenna differs from that field in the free space. At the interface, the 
field changes its strength, since it depends on s r , and the field component 
magnitudes inside the head are weaker then outside it. 

The analysis of a heterogeneous medium using an equivalent homogeneous 
medium simplifies substantially the problem of calculating the irradiation power 
and the reduction factor. The obtained results are verified with the program that 
bases on the Moment Method and allows taking in account detailed 
characteristics, including heterogeneity of a medium. 

Section 3.4 dealt with the impact of the mutual coupling between radiators 
situated in the near region of each other on the input impedance, current 
distribution and fields of radiators. The mutual coupling between the radiators was 
shown to affect the current distribution along each radiator in such a way that the 
currents include anti-phased components in addition to the in-phase components. 
For equal radius wires, the in-phase and the anti-phased currents of the first 
radiator are 


4 > w= («, + * % 4 >( Z ) =k -,, fc sini(i - |z|) 


sin kL 


sin kL 


(7.2) 


In accordance with (1.31), the total field of the first radiator in plane <p - 0 is 
given by 


E -A O) = -j 30/7 | /A [fo + A ) Y 2 + (*1 - e 2 ) Y l ] • 

The total field of the second radiator in plane (p = 0 is 

E z 2 ( Z ) = ~j 3 0^2 / £ r [( e . + C 1 ) Y 2 + ( e 2 ~ ) Y \ ] • 


(7.3) 


(7.4) 


Here, 


F ", = [ exp ( ~j kR m \)! R m \ + ex P( ~jkR ml )/ R„a - 2 cos kT exp ( -jkR m0 / R m0 )], 
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where m is the radiator number, R ml = sJ(z-Lf +pl, R ml =^(z+l) 2 +rf n , 

R m0 =yl z2 +Pl ■ 

In order to bring the total field to zero at compensation point (p 0 + b, 0,0 ), i. e., 
that E_ (o) = E =l (0) + E_ 2 (0) = 0 , the ratio of emf s feeding the radiators must be 

£ 1= _<n±i)5»±fiwdfk (75) 

e, (Y 2 ~Y,)F K +(Y l+ r 2 )F m ' 

Here, F m0 is the value of function F m at the compensation point. Equation (7.5) 
allows finding the voltage amplitude and phase at the input of the second radiator, 
if those amplitude and phase of the first radiator are known. Using (3.42), we find: 

Jje, =Y t +Y, +e 2 (Y 2 -Y,)/e„ Jje, =Y 2 -Y, +e,(Y, +Y 2 )/e,. 

Substituting (7.5) in these expressions, we obtain the expression for the driving 
currents ratio 

JA21JA\ = “ 0 /-^20 • (7-6) 

The expression coincides with the expression in the absence of mutual coupling 
between the radiators. This occurs when the radiators are of the same length. For 
L ~ 2/4, we obtain, in the first approximation 

F w = cx\{- jkR Ul )/R ](> , F 20 = cxp(- jkR 20 )f R 2() , 
i.e., 

JAll JA\ ~ ~ R 20 CX P[-A'(^,0 ~ R 20 )]/ R l<) ’ (7*7) 

where7^ 0 =^T 2 +p~,R 10 =^E +{p 0 +S)~ . 

As it follows from the above expressions, the dipole moments of linear radiators 
must be in inverse proportion to the distances between the radiators and the 
compensation point. The dark spot dimensions for dipoles of finite length can be 
calculated using equations similar to (7.3)-(7.4), written for the field of such 
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radiators in the cylindrical coordinates. The dark spot boundary is determined by 
radius p n , at which n = \EjE zl0 \ is equal to a given value, e.g. , n = 0.1, where E_ 
is the total field and E zl0 is the field of the main radiator. 

To simplify, assume the electric field strength to increase linearly from 
compensation point t = 0 to dark spot boundary t = t 0 so that I EJEJ =ns, 
where s = t/t 0 , «=const(s), and hence the loss power exhibits a quadratic growth 
with t,he distance. The total losses power inside the spot is given by 
P = P 0 ^(ns) 2 ds =P 0 n 2 /3, where P 0 is the loss power due to the main radiator in 
the absence of the auxiliary radiator, within the limits of spot. For n 0 = 0.2, the 
loss power is smaller by a factor of 3/(0.2) 2 =75 (or 18.8 dB). For n 0 =0.1, the 
reduction factor is 300 (24.8 dB), and for n 0 = 0.04, the factor is 1875 (32.7 dB). 
In practice, the factor is roughly a half of the calculated value, since the field 
within the dark spot has a more complicated structure, i.e., the reduction factor is 
approximately equal to 1 .S/n\ . 

To find the boundary surface of the dark spot, one must determine quantity p n as 
a function of z and cp. In Fig. 2, field ratio n = \EjE zl0 \ is plotted as a function of 
P , assuming A =30, L = 7.5, p 0 = 1 for different values of b (all dimensions are in 
centimeters). The field magnitudes E zl0 and E z are calculated at z = 0, tp = 0 by 
the above formulas. 

Table 1: The dark spot length for different values of h and W 0 


h 

n 0 = 0.01 

0.02 

0.04 

0.07 

0.5 

3.53 

6.80 



1 

1.89 

3.89 

7.67 


2 

1.00 

2.00 

4.17 

8.12 

3 

0.71 

1.42 

2.91 

5.43 

b 

n 0 = 0.07 

0.10 

0.14 

0.25 

4 

4.28 

6.58 

11.38 


8 

2.89 

4.29 

6.43 

49.60 

16 

2.44 

3.56 

5.24 

23.63 

32 

2.29 

3.35 

4.88 

11.73 
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Figure 2: Variation of n = \E_/E_ X0 \ along the p- axis. 

The boundaries of the dark spot in the />direction, denoted as points p x and p 2 , 
are found as the intersection points of curve n with given level n {] . Along the p x 
p-j segment between the points p x and p 2 , n is smaller than the required value of 
n 0 . Length /Sp=p 2 -p of the segment, i.e., the dark spot length, is presented in 
Table 1 for different values of b and n 0 (all dimensions are in centimeters), i.e., 
for different levels of field reduction at the dark spot boundary. One can see from 
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Table 1 that the dark spot length for given level « 0 decreases as distance b 
between radiators increases. But at large distances, when n 0 at the dark spot 
boundary increases, the dark spot length increases also. Therefore, for small 
values of b, the dip of curve n becomes narrower and deeper; for great values of b, 
the dip of curve n is wider. 




Figure 3: Dark spot boundaries in the horizontal plane. 
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Fig. 3 shows a few examples of the dark spot boundaries in the horizontal plane 
(z = 0) for /= 1 GHz, p 0 -lcm and different values of b andn 0 . In the figure, 
fields E :l0 and E. are calculated using equations (1.31) atz = 0 and given angles 
rp , in the manner similar to the preceding case. The difference between 
coordinates p x and p 2 denoting the start and end of the corresponding straight 
line segment with n < n 0 determines the dark spot length in the given direction. 

Fig. 3 and Table 1 show that it is sufficient on ultrahigh frequencies to separate 
the radiators by a small distance of the order of several centimeters. Since the 
auxiliary radiator power is significantly smaller than that of the main antenna, the 
field of the main radiator predominates in the far region, i.e., the total field is only 
slightly different from that of the main radiator. It is seen from Fig. 3 that the dark 
spot width is, as a rule, greater than its length. The spot height is close to its 
length. This result is particularly important as it shows the head movements, in 
which direction are more critical in terms of the growth of the absorbed power. 

One can use the method in order to plot the dark spot boundaries in the vertical 
plane too. 

The calculations also show that at the optimal design of the structure in terms of 
the relative positions of the radiators and the compensation point, the volume of 
the dark spot increases, and the field inside this spot decreases substantially. One 
can choose the structure parameters so that the spot dimensions would coincide 
with the human head dimensions, resulting in a drastic reduction of loss power in 
the head, and in a high tolerance with respect to the user’s head movements. 
Employing several auxiliary radiators allows increasing the dark spot volume 
further. 

7.2. RADIATION PATTERN 

The use of an additional radiator in the compensation method involves a 
contradictory relation between the requirements for field reduction in the near 
region and for retention of the circular pattern in the horizontal plane. Retention of 
the far field strength and pattern is a crucial issue for any method of SAR 
reduction. In order to retain the pattern shape and, in particular, to avoid a deep 
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dip in the radiation pattern along the structure axis, the phases of the far fields 
created by the two radiators should not differ by more than a few degrees. The 
small distance between the antennas and the close values of their driving current 
phases ensure the preservation of the circular shape of the radiation pattern. Yet, 
in order to bring the total field at the compensation point to zero, the fields of 
radiators at the point must have opposite phases. 

If the driving current of the main radiator is J AX , the driving current of the 
auxiliary radiator can be written as J A1 = J M De ~ j¥ , where D is the ratio of the 
radiators’ dipole moments, and t// is the phase difference between the driving 
currents. In this case, the field of the auxiliary radiator is E z2 =E_ l De ,u , where E zl 
is the field of the main radiator, and u = kl-y/. Here / is the path difference 
between rays from the radiators to a point located at angle cp (see Fig. 9). 

The total pattern in the horizontal plane can be written as 

\F | = |l + D exp ( ju )|/ ^j(l + D cos u m ) 2 + D 2 sin 2 u m ■ (7.8) 

Here U m is the value of u at the maximal of the denominator. Since D and u m are 
constant, the denominator of (7.8) is independent of<p . If the main radiator pattern 
is a circular one, the ratio of the total pattern maximum to the minimum, a 
measure of the pattern distortion level, is 


1 F 1 

1 max | 

1 + De ]u 

max 

1 ± D 

F ■ 

min 

1 + De JU 

min 

“ 1 + D 


(7.9) 


where the upper sign applies when D is positive, and the lower sign applies if D is 
negative. It is easy to show that when the pattern maximum and minimum differ 
by 6 dB (deviation of 3 dB from the average level), we obtain |l)| = 0.33, and 
when the difference between the maximum and the minimum is 3 dB, we have 
|Z)| = 0.17. 

It is necessary to explain here that cellular communication is not the only area of 
application where one must create a weak field region near the transmitting 
antenna. The task is vital, if, for example, a mobile transmitter is located in a 
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vehicle close to users and other passengers. Creating a weak field region in such 
cases is an efficient technique of protecting against irradiation. A problem is often 
complicated by a transmitter operation in a broad frequency band. The problem is 
considered in Section 7.4. ft is essential for the analysis of radiation pattern that 
habitually there is some degree of freedom to choose the antenna location. This 
helps to keep the pattern undistorted. 

From (7.7), taking into consideration that R l =p 0 + b, R 2 = Pq (see Fig. 9), we 
obtain D = R 2 /R t = p 0 /{p 0 + b), which reduces t op 0 =b/j3, where J3 = \/D -1. 
Consider the case when the main radiator is situated on the structure axis, at a 
distance of 3 cm from the head, i.e., p 0 + b- 3, and the compensation point is 
placed on the head surface, in this case, if D = 0.33 , then / 3 = 2 , p 0 = b/2 =1, b- 2; 
for 0 = 0.17 we have /? = 4.88, /? 0 =0.5, b- 2.5. The results point out the 
necessity for a tradeoff between the irradiation reduction level and the radiation 
pattern of the two-antenna structure, especially in cases when the antenna 
platform is subject to spatial restrictions. Flowever, the pattern changes are 
predictable and small. 

Fig. 4 shows three variants of the dark spot position relative to the head where the 
spot boundaries are given as a dotted line and the solid curve shows the head 
boundary. Feed points A ] and A 2 of the main and the auxiliary radiators and 
compensation point A in Fig. 4a and 4b lie on the structure axis, and so the dark 
spot is symmetric relative to the axis. Fig. 4a has the compensation point placed 
outside the head, and Fig. 4b has it inside the head, close to its surface. In the 
latter case, the whole dark spot lies inside the head, resulting in a significant 
reduction of loss inside the head. Fig. 4c corresponds to the case, where the 
auxiliary radiator is located off axis, so that the axis of dark spot would not 
coincide with the structure axis A } 0 . This may result in such displacement of the 
dark spot from the head center that the loss power in the head increases. However, 
this variant offers more flexibility, allowing managing possible construction 
constraints. 

Table 2 shows the total and maximum local SAR (in W/kg) with and without the 
auxiliary radiator, where the compensation points are located in accordance with 
Fig. 4a and Fig. 4b. The compensation method is seen to pennit reducing the 
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power absorbed in the head by a factor of 3-4 as well as reducing the maximum 
local power by a factor of 5-10. Here, the maximum absorbed power and the 
maximal local SAR exist near the main radiator. And the maximum reduction of 
the local power occurs here, too. 

The calculations of the dark spot dimensions by the Matlab program were verified 
both experimentally and by means of CST simulations. The CST simulations were 
carried out with and without the user's head. 



Figure 4: The dark spot: compensation point is located outside the head (a), inside the head (b) 
and off the symmetry axis (c). 


Table 2: SAR levels 


Number of 
radiators 

Figure 

Total 

SAR 

Maximum local 

SAR (in 1 g) 

1 


0,00793 

0,166 

2 

7.4 a 

0,00257 

0,0235 

2 

7.46 

0,00225 

0,0162 


The results of the calculations, simulations and measurements with the user's head 
present are given in Fig. 5. The main and the auxiliary radiators are located at 
points p=0 and p=2 cm, respectively. The head is situated at a distance 4 cm from 
the main radiator. The compensation point is located at p=5 cm. 

The calculations are performed with the Matlab program. The presence of the 
head was taken into account by replacing E r —\ with G e . The calculation results are 
presented as curves plotted for absolute values of fields E zl , E z2 and 
E_ = E zl + E z2 . It is easily verified that, with p from 4 to 10 cm, the field E z is 
substantially less than field E zl . 
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The simulation was performed with the CST program. The user’s head is included 
into the CST model. The rectangles, squares and empty circles mark the CST 
simulation results. The field measurements were carried out in laboratory 
conditions, and the presence of the user's head was taken into account. With 
allowance for this replacement, the measured values of total field E_ = E_ x + E_ 2 
are presented with full circles. 



Figure 5: Field strength in the dark spot: comparison of calculation, simulation and measurements. 
The dashed, dash-dotted and solid curves show, respectively, the calculation results for E z] , E z2 , 
and E _ = E zl +E zl obtained with the Matlab program (the presence of the head was taken into 
account by replacing s r = 1 with s e ). The rectangles, squares and empty circles are the simulation 
results obtained by means of CST program (the head is included in the CST model). The full 
circles are the measured values of the total field. 

With the user's head absent, the results of calculations, simulations and 
measurements are in good agreement. However, as one might expect from the 
approximate estimation of s e (see Section 7.1), the coincidence between the 
results in the presence of head is not too good, but a qualitative agreement does 
exist. 
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The obtained results show that under realistic conditions the compensation 
method allows reducing the irradiation power by a factor of 3-4 and more. The 
pattern distortion due to the auxiliary antenna is relatively small provided that the 
latter is properly located. 

7.3. EXTERNAL ACTIONS 

Applying the compensation method under realistic conditions become difficulties 
due to changeable environment, since the operation of a complicated radiators 
structure often is disrupted by various external actions. The system disturbances 
are to be counteracted. In particular, proximity of metallic objects to the antenna 
system or relative displacement of the antennas as a consequence of user’s 
movement can result in a tuning disturbance. In such cases, the compensation 
point may be displaced and the field inside the dark spot can grow significantly. 
Consider the impact of approaching metallic objects to an antenna as an example 
of the external action. 

To eliminate of the consequences of the actions, one can seek to retain the 
amplitudes and phases of the radiator driving currents (the first method) or 
prevent the change of the radiator fields (the second method). It should be noted, 
first, that the appearance of a metal body near a radiator changes the current at all 
points along the radiator wire, whereas the feedback circuits are capable of 
adjusting the current only at a single point in each radiator, e.g., at its input. And, 
second, one must say that a metal body causes different changes of the radiator 
fields in the entire space, whereas the feedback circuits are capable of adjusting 
the field only at one or two points. Therefore, the efficiency of both methods, 
especially of the first one, is inherently limited. Here, the comparative analysis of 
the method efficiencies is perfonned. It should be emphasized that cases of severe 
disturbance in antenna systems are considered. 

The calculation model of the antenna system is given in Fig. 6. The model 
consists of two monopoles (A is the main radiator, B is the additional radiator) 
mounted on a metal plate close to the human head. The compensation point is 
located inside the head, near to its front boundary. Dimensions in the figure are 
indicated in centimeters. Fig. 7 shows the same circuit for the case when a vertical 
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square metal sheet is placed not far from the antenna system (at distance 0.5 m 
from the radiators). Presence of a metal sheet in the proximity to a cellular phone 
may occur, e.g., when a cellular phone user enters an elevator or a car. The metal 
sheet affects the antenna system and causes the fields in the dark spot to grow. 



Figure 6: Model of antenna system close to human body. 



Figure 7: A metal sheet placed not far from the antenna structure. 

Let us start with the relatively simple case of a single radiator. The current at the 
base of a single radiator in the absence of any metal sheet is J M = e A /Z A , where 
e 4 is electromotive force at the input of the radiator, and Z A is its input 
impedance. The metal sheet changes the radiator input impedance to Z A . To avoid 
the current change at the radiator base, one must change the emf at its input to 


e A ~ JA^A ~ e A^ aI^a ■ 


(7.10) 
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For a single radiator of height 10 cm and diameter 1 cm we have: ^ V, 

Z A =3&6+y'128, Z' A = 41.7 + 714.3 e, =1.09exp(/0.0145) 

Fig. 8 shows the field of single radiator A along the horizontal line passing 
through the radiator and the head center in the absence (1) and presence (2) of a 
metal sheet and after adjustment of the emf (3). Fig. 8 and several others are 
divided into two parts to allow using different scales. 

In the case of two radiators one must first calculate the amplitude and phase of the 
second radiator emf, which ensure the field compensation at a given point. For 
this purpose one can excite both radiators, in turn, by emf e,, calculate the fields 
fsj and E 2 of each radiator at the compensation point and take emf e 2 = —e [ Ej E 2 
as that for the second radiator. It should be noted that the field and the input 
impedance of each radiator are calculated in the presence of the other radiator, 
when its input is grounded. 


E z .V/m 



Figure 8: The field of the singular radiator T in the absence (1-red) and presence (2-green) of the 
metal sheet and after adjustment of the emf (3-blue). 


Calculations were performed with the CST program, which permits to simulate 
the total circuit with both generators and find the self-impedances Z n andZ 22 of 
each radiator and their mutual impedance Z 12 . The solution of the equations set 
c : —. J' E *11 l A• 2 , e, -/ 2 Z 22 +J,Z I2 allows to finding currents J x and J 2 . 
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The metal sheet changes the self- and mutual impedances of the radiators. To 
avoid the change of the currents at radiators bases, the emf s must be modified to 

e x + J 2 Z n ,p2 ~^2^22 ^1^12 ’ ("7*11) 

where the new impedances are marked by primes. Calculating the new emf s, we 
may find the new fields and ascertain the adjustment results. 

For two radiators of the same dimensions we obtain: e, = 1V, 
E x = 0.48exp(/l.ll), E 2 = 1.09 exp (y 2.54), e 2 = 0.44 exp(yi.7l), 

Z n = 37.3 + y'16.2, Z 22 =39.5+yi 6 . 8 , Z 12 =0.67-^28.9, 7, =0.013-/0.000S, 
J 2 =0.0064+ y'0.018, Z n =40.6+717.1, Zj 2 = 42.0 + 718.9, 

Z 12 = 2.04 - 728.02 , = 1.04 exp(70.04), e 2 = 0.51 exp( 71 .70). The 

curves for the field of the two-radiator structure are presented in Fig. 9. 

The verification of adjustment results involves computation of fields along the 
horizontal line passing through the radiators and the head center as well as of the 
total SAR level and the maximum local SAR (in 1 g). The results obtained for the 
cases of a single radiator and a two- radiator structure in the absence and presence 
of a metal sheet and after adjustment of the radiators emf s in accordance with 
expressions (7.10) and (7.11) are compared with each other. The total SAR and 
the maximum local SAR for the corresponding cases are given in Table 3. The 
calculated amplitudes of field at the compensation point are also presented in 
Table 3. The SAR level and the fields are given in units of W/kg and in V/m, 
respectively. 


Table 3: SAR and field at adjustment of the emf in accordance with currents 


Characteristic 

Total SAR 

Local SAR 

Field 

Total SAR 

Local SAR 

Field 

one radiator 

two radiators 

Sheet is absent 

4.510" 5 

1.54 10 -3 

0.79 

1.4-1 O' 5 

0.3 10‘ 3 

0.0029 

Sheet is present 

2.810" 5 

0.29 10" 3 

0.68 

1.710' 5 

0 . 1110' 3 

0.0044 

After adjustment 

3.410' 5 

0.34 10‘ 3 

0.74 

2.110~ 5 

0.18 10 -3 

0.1214 


As one can see from the table and Figures, the results indicate the rather low 
efficiency of the correction method based on retaining the radiator driving 
currents. 
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Figure 9: The field of two radiators in the absence (1-red) and presence (2-green) of the metal 
sheet and after adjustment of the emf (3-blue). 

The implementation of the second method calls for using one of the two radiators 
as a measuring antenna whereas the second radiator is employed as a local 
transmitting antenna (i.e., a field source), or using both radiators, in turn, as a 
measuring and a local transmitting antenna, or using the third antenna as a 
measuring one. The third antenna may be mounted at any suitable and convenient 
place. The adjustment is performed in the following way. The field at the 
receiving point is measured in the presence of a metal sheet and is compared with 
its magnitude in the absence of the metal sheet (i.e., in the compensation mode), 
and afterwards the transmitting antenna emf is varied until the initial value of the 
field is obtained. 

Fig. 10a and Table 4 give the results of such adjustment for the following 
variants: l)when the main antenna is used as the transmitting one and the 
auxiliary antenna is the receiving one, 2) the opposite case: the main antenna is 
used as the receiving antenna, whereas the auxiliary antenna is the transmitting 
one, 3) both emf s are changed. Fig. 10b and Table 4 present the results of field 
adjustment using the third antenna located in the center of a metal plate, i.e., at 
point D (see Fig. 6) for the following variants: 4) when the emf and the field of 
the main antenna is changed so that its field at point D becomes equal to its 
original one (before disturbance), 5) when the field of the auxiliary antenna is 
changed for the purpose, 6) when the fields of both antennas are changed. 
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a) E z ,V/m 



Figure 10: The fields of a two-radiator structure after emf adjustment based on the fields received 
by these radiators (a) and a third radiator (b). 


Table 4: SAR and field at the emf adjustment in accordance with fields (same units as in Table 3) 


Variant 

Total SAR 

Max. Local SAR 

Field 

1 

1.99 1 O' 5 

0.137 10‘ 3 

0.035 

2 

1.83 10' 5 

0.151 10 -3 

0.070 

3 

2.0210’ 5 

0.152 10" 3 

0.052 

4 

1.57 10' 5 

0.102 10" 3 

0.070 

5 

1.45 10‘ 5 

0.125 10" 3 

0.130 

6 

1.18 10” 5 

0.090 1 O' 3 

0.047 
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The SAR level and the fields are given in the same units as mentioned above. 

As one can see from Table 4 and Fig. 10, the method based on the measurement 
of the fields demonstrates a higher efficiency. But acceptable results are obtained 
only at application of variant 6. Other variants, including placing the third antenna 
at points E and F (see Fig. 6), failed to produce satisfactory results. 

ft should be pointed out that the monitoring signal is a weak signal that serves as 
that of feedback signal for both the main and auxiliary radiators. Therefore, proper 
adjustment by both methods requires that no signal from the transmitter impinges 
on the measuring antenna during the field measurements. 

To prevent the field changes under external actions ( e.g ., an approach of a 
metallic object), one may use a manual or an automatic circuit. Fig. 11 gives the 
block diagram of an automatic adjustment circuit, which contains transmitter 1, 
main radiator A ] and auxiliary radiator A 2 connected to the transmitter through 
power divider 2, amplitude controller 3 and phase shifter 4. The amplitude 
controller and phase shifter provide the initial tuning and the field compensation 
at a given point. The amplitude controller is usually implemented with a 
potentiometer, and the phase shifter with a delay line, a low-pass or a high-pass 
filter. Two circuits consisting of amplitude controllers 13 and 15 and phase 
shifters 14 and 16 provide two reference signals for the radiators A 2 and A 1 , 
respectively. 

Antenna A 3 , used for adjustment of the antenna system, receives, in turn, signals 
from the main and auxiliary radiators and switches between the radiators. The 
procedure pennits to detennine the amplitude and phase of the radiated and 
received signals. 

As a result of the external action (e.g ., an approach of a metal body) the phases of 
both radiator signals, received by antenna A 3 , change. These phases are in turn 
compared in phase detector 7 with those of the reference signals. The phase 
detector produces an error signal proportional to the difference of the said phases. 
Low-pass filter 8 removes short-term fluctuations of the error signal. The error 
signal passes through amplifier 9, controls phase shifters 4 and 6 and brings up the 
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optimal phase differences. As it can be seen from Fig. 6, a feedback circuit is 
constructed, and it provides a phase self-tuning action similar to that of a phase 
locked loop (PLL), 



Figure 11: Block diagram of the proposed automatic adjustment circuit based on the constancy of 
fields. 

The second feedback circuit is used for predicting the optimal signal amplitudes. 
It is similar to an automatic gain control (AGC) circuit. The input signal of 
radiator is compared in amplitude by comparator 10 (operational amplifier) 
with the reference signal. Low-pass filter 11 removes short-term fluctuations of 
the signal at the comparator output. The error signal passes through the amplifier 
12, controls amplitude controller 3 and brings up the amplitudes relationship to 
the optimal ratio. 

As a result two feedback circuits allow optimizing the amplitude relationship and 
the phases of the emf feeding main radiator A 1 and auxiliary radiator A : . In 
contrast to the conventional automatic gain control circuits, the amplitude 
difference and the phase difference of the two different radiator signals are not 
zero in this case. 

The obtained results show that it is possible to automatically adjust a complicated 
antenna system under conditions of intensive disturbances. The proposed method 
based on measurement of the fields demonstrates a higher efficiency. It allows 
obtaining acceptable practical results under severe disturbance of the antenna 
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system operation even in cases when (as in our example) the zero-field point is 
not achievable. 

7.4. WIDEBAND FIELD COMPENSATION 

As said in Section 7.2, cellular communication is not the only area of application 
where it is necessary to create a region of weak field near the transmitting 
antenna. The task is vital one, if, for example, a mobile transmitter is located in a 
vehicle close to users and other passengers. Creating a weak field region in such 
cases is an efficient technique of protecting against irradiation. 

In these cases, requirements to the produced weak field change in part. On the one 
hand, they often get complicated due to necessity of operation in a broad 
frequency range. On the other hand, the requirements become less stringent. For 
example, large dimensions of the transmitter allow increasing the room for 
mounting auxiliary radiators. Presence of a signal in the direction opposite to 
user’s location sometimes is not required. The requirement for the horizontal 
pattern to be flat in the direction of user’s location is somewhat lifted. 

Operation in a broad frequency band gives rise to additional difficulties, since the 
fields of the main and the auxiliary radiators at the compensation point must have 
the same magnitude and opposite sign at each frequency. The phase shift can be 
easily implemented by using a transmitter output stage with balanced output. But, 
first, these two instances of given radiator type need to have identical 
characteristics at all frequencies of the operation range. Second, since the main 
and the auxiliary radiators are located at different distances from the 
compensation point, and signal velocities in the air and in the feed lines 
connecting the radiators to the transmitter are different, it is necessary to insert a 
small phase shifter in one channel. This phase shifter must provide the required 
delay time throughout the frequency range. 

It is not easy to meet both these requirements. To provide the same signal 
amplitudes, it is necessary to secure identity of the main and the auxiliary 
radiators or to insert controlled attenuator in one channel. Wideband antennas 
often have a complicated structure, which uses different conducting and dielectric 
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materials. That is why antenna characteristics are unstable, i.e., different antenna 
instances have different frequency responses, and so their fields are not equal. It is 
impossible to construct controllable attenuators in a wide frequency range. 

Replacement of the phase shifter with a delay line can provide the required phase, 
if the delay line is loaded with its wave impedance. Since the radiator impedance 
is complex and frequency dependent, it is dissimilar to the delay line wave 
impedance. Placing both radiators at equal distance from the compensation point 
yields better results. 

A simple structure consisting of two radiators placed at the same distance from 
the compensation point is shown in Fig. 12 (top view). The following notation is 
used here: 1 is the transmitter top cover, 2 is the user’s body, B x is the main 
radiator, B 2 is the auxiliary one, and C is the compensation point. The radiators 
are two asymmetrical antenna instances of the same type, which have the circular 
pattern in the horizontal plane and similar amplitude-frequency responses. They 
are located at the same distance b = a/ cos /? from point C, where a=AC is the 
distance from point C to the middle line of the transmitter cover. 

Let the auxiliary radiator phase differ from the main radiator phase by 180°, and 
the amplitude of the vertically polarized signal it 2 of the auxiliary radiator be 
E 2 = DE X , where E ] is the amplitude of the main radiator signal, and D < 1. If 
D - 1, i.e., the amplitudes of the auxiliary signal and the main signal coincide, the 
sum of the signals in the plane of the structure symmetry is zero, since the signals 
in the plane are the same in amplitude and opposite in phase. If.D * 1, the 
summing signal E = E X +E 2 = (l - D)E l is equal to a fixed small share of the main 
signal and weakly frequency dependent, since the distance from the radiators to 
the compensation point is the same, and the radiators themselves are similar. No 
phase shifter is needed in this case. 

A disadvantage of the proposed circuit is the absence of the far field signal in the 
structure symmetry plane (in both directions), when E 2 =E X . But, first, this is not 
critical in many applications. Second, the angle (gap width), in which radiation 
signal is nearly zero, is very small. And third, the influence of the ground and 
neighboring bodies results in a smoothing of the pattern, i.e., both the depth and 
the width of the gap in the horizontal pattern will be reduced in real conditions. 



220 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


Estimate the gap width by calculating angle A cp between its boundaries, i.e., 
between the points corresponding to given small value f of the pattern. If a=25 
cm, and /? = 30°, the signal at angles, which consists of two signals with equal 
amplitude E x and opposite phase created by radiators located at distance 
d = 2a tan (3 — 28.9 cm from each other is equal to E = 2 E x sin[(kr//2)cos^>], i.e., 
E max = 2 E x . Here, the cylindrical system of coordinates is used. 



Figure 12: The two-radiator structure. 

Since the pattern minimum occurs alt/t = tz/2 , it's more convenient to use 
coordinate^ = (p-nj 2, so 

f\ = sin[(^t//2)sin^j]« kdcpjl, (7.12) 

i.e., At/? = 2(p { - 4 f\ /(kd). In particular, if f = 0.1, the wavelength /l is 30 cm, 
and d= 28.9 cm, then Atp - 3.8°. 

Another disadvantage is the fact that, when D * 1 ? the irradiation power reduction 
factor inside the dark spot decreases, as the total field fails to vanish even at the 
compensation point. But the disadvantage is also inherent in the case of antenna 
placement at different distance from the compensation point, due to the limited 
dimensions of the transmitter top cover [47]. 
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Experimental results for the signal magnitude at the compensation point are given 
in Fig. 13 . Curve 1 corresponds to the signal of the main antenna placed at points 
(see Fig. 12 ), and curve 2 corresponds to the signal of two antennas placed at 
points B x and B 2 . As seen from the results, mounting both radiators at the same 
distance from the compensation point pennits to ensure compensation in a wider 
frequency band. The auxiliary radiator decreases the signal magnitude at the 
compensation point by 10-15 dB (3-6 times) in the band from 1.7 to 2.7 GHz. 

Using of two auxiliary radiators gives additional advantages. In this case, the 
amplitude of each auxiliary radiator signal may be smaller than that of the main 
radiator. One variant of this compensation structure is presented in Fig. 14 (top 
view) where the same notation is used. 

If E 0 is the amplitude of the main radiator signal at the compensation point, the 
amplitude of each auxiliary radiator signal must be E x = E 2 = E 0 / 2. In the 
cylindrical coordinate system, the origin of which coincides with point A, the ratio 
of the auxiliary signal to the main signal in direction <p is 

E i(p)/ E o(p) = 0.5 exp \jk(a x -hj], E 2 (p)/E 0 (p) = 0.5exp \jk{a x +6 1 )],(7.13) 

where E 0 (p) is the main radiator field at distance/?, E l {p) is the field of the 
auxiliary radiator located at point B[, and a x ± b x are the path-length differences of 
the signals from the main and auxiliary radiators to the observation point. Here, 
a x = a(l — cos/?)sin^>, b x = asin J3costp (these segments are marked in Fig. 14 ). 
The total signal is 

E {p)= E *{p)[ x - cos (kb x ) exp (jka x )]. 

The ratio of the total and the main signals is equal to 

\Mp)J\eM = # - co^kb [ )co^ka l )] 2 + cos 2 {kb x )sin 2 (ka x ) 


( 7 . 14 ) 


( 7 . 15 ) 


In the antenna symmetry plane the total signal in the far region is 
E(p)/E 0 (p ) = 1 - exp[/Va/(l - cos/?)] = -2 /exp[/U/(l - cos/?)/2]sin[ka(l - cos/?)/2], 
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i. e., 


\e(p)/ E 0 (p)\ = 2sin[/iY/(l - cos p)n}. ( 7 . 16 ) 

S 2V dB 



Figure 13: The frequency dependence of the signal at the compensation point, when the main 
radiator (1) and two radiators (2) are placed at the same distances from the point. 



Figure 14: The three-radiator structure. 
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If, for example, a=25 cm and J3 = 30°or 60 , we obtain at 1 GHz \E(p)/E 0 (pJ = 
0.69 and 1.22, respectively. The total far field in the symmetry plane in both 
directions is other than zero. It follows from (7.14) that at any (p the total signal 
in the far region is other than zero, too. This is an inherent advantage of such 
structure. 

The calculated horizontal patterns at frequency 1 GHz of one radiator placed at 
point A, of two radiators (see Fig. 12) and of three radiators (see Fig. 14) located 
on the cover of infinite dimensions are given in Fig. 15 and marked with symbols 
1, 2 and 3, respectively. 

The considered compensation structures comprise radiators placed at the same 
distances from the compensation point. The structures require no use of any phase 
shifter. The compensation structures, in which flat metal reflectors (mirrors) are 
used instead of auxiliary radiators, permit to create a weak field in the subspace 
on the side of the reflectors, where the antenna is located, which is similar to the 
one generated by three radiators. 

b= 8 cm 



Figure 15: The horizontal patterns of different structures at 1 GHz. 

An example of such structure is presented in Fig. 16a (top view). Here, the 
following notation is used in addition to that used above: R is the metal reflector, 
and B is the location of the equivalent radiator. As seen from the Figure, the flat 
metal plate, in which main radiator A is reflected, is mounted on the transmitter 
top cover along the structure axis of symmetry (in the vertical plane passing 
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through compensation point C). The reflection (or imaging) of the main radiator 
signal by the metal plate into the space in front of the reflector is equivalent to the 
presence of second radiator B located at the same distance behind the plate. This 
equivalence is clear from Fig. 16b showing that the path lengths of the reflected 
signal and the equivalent radiator signal are equal to each other. 



Figure 16: Creating the second signal by a flat mirror (a), the AOM and BOM are equal (b). 

The reflected signal phase differs from the main radiator phase by 180° (see, e.g., 
[10]), since vector£] of the incident signal is located along the tangent to the 
reflector surface. 

The amplitude of the reflected signal E 2 is E 2 = DE l , where D depends on 
magnitude a of the angle, subtended at point A (D < 1) by the reflector. 

If the plate dimensions are infinite (or if they are much larger in all directions than 
the main radiator dimensions), then D = 1 , i. e., the amplitudes of the reflected and 
the main signal coincide, and the total signal in the reflector plane is zero. If.D * 1, 
total signal E = E X +E 2 =(l -D)E 1 is a fixed share of the main signal, and the 
share is independent of frequency, since the distances from both radiators to the 
compensation point are the same, and the radiators themselves are identical. 
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On the whole, the perfonnance of the structure is similar to that of the two- 
radiator structure presented in Fig. 12. No phase shifter is needed in this structure. 
An additional and very important advantage of the described structure is that the 
external actions, e.g., an approach of metal bodies, exert practically no effect on 
the structure operation, as the main radiator and the reflected signals undergo the 
same changes upon any external actions. Only the appearance of a metal body 
between a signal source and the compensation point is an exception and a very 
rare one at that. 

The influence of a mirror (a metal plate) on the antenna input impedance 
decreases the matching between the antenna and the transmitter. To offset the 
decreased matching, it is necessary to increase the distance between the antenna 
and the mirror as well as the mirror width so that the second signal would not 
decrease. The reflector width has only a weak effect on the antenna input 
impedance, but essentially increases signals,. Moreover, the mirror influence on 
the antenna input impedance is constant and can be allowed for a priori. The 
mirror height must exceed that of the antenna. 

Flat reflectors can be manufactured in the form of a light-weight, strong and 
collapsible construction (if necessary). In such a case, each reflector is 
implemented as a set of vertical parallel wires, located at a distance of 0.06 Z min , 
where A mm is the minimum wavelength in the frequency range. 

Using two reflectors, i.e., creating two equivalent radiators, gives additional 
advantages. In this case, the amplitude of each reflected signal may be smaller 
than that of the main radiator signal, and so the requirements to the reflector 
loosen. A variant of such compensation structure is presented in Fig. 17 (top 
view), where, as before, B\ and Bi denote the equivalent radiators locations. The 
performance of the structure of Fig. 17 is similar to that of the three-radiator 
structure presented in Fig. 14: the distance from all radiators to the compensation 
point is the same, i.e., field variations due to frequency dependence have no effect 
on the compensation quality. 

As stated above, the amplitude of the reflected signal (vertically polarized) is 
E 2 =DE[. Here, D depends on the mirror dimensions. If dimensions of the mirror 
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and the radiator are comparable, D is in the first order approximation of the ratio 
of C r , the capacitance between the radiator and a rectangular mirror of finite 
dimensions, to C x , the capacitance between the radiator and an infinite mirror 

D = CJC, . 


In the case of a vertical radiator with a height smaller than that of the mirror, 
capacitance C r depends primarily on radiator radius a, mirror width b, and 
distance h between the radiator and the mirror. In plane-parallel structures, where 
all wires are infinitely long, the capacitance per unit length between a wire and a 
metal plate is C r = 2ns/\n{4h 2 /ab) - for a plate of width b and 

C f = 27T£/\n(2h/a) - for a plate of infinite width [27]. Here £ is the permittivity. 
It is easy to see that the necessary value of D can be obtained by selecting the 
values of b and h (e.g., if h]b = 1.35, h/a = 10, thenC^/C^ = 0.75). 

Ratio D for plane-parallel structures and for finite structures with heights 
exceeding the antenna height is approximately the same in magnitude. 

An essential drawback of the structure with two reflectors is that the reflectors 
creating the dark spot in the near region block at the same time prevent the 
electromagnetic waves in the angular sector, shadowed by them. Here, the signal 
in the open sector increases approximately twice. This drawback limits the 
application of such structures. 



Figure 17: Compensation structure with two reflectors. 
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Figure 18: General experimental setup. 

The structure with two reflectors was tested experimentally. A general view of the 
experimental setup is presented in Fig. 18. The following notation is used in the 
Figure: 1 is the radiator, 2 is the receiving antenna, placed at the compensation 
point, and 3 and 4 are flat reflectors, located symmetrically on either sides of the 
straight line passing through the compensation point and the radiator. The distance 
between the radiator and the receiving antenna is 25 cm. The reflector is 
manufactured in the shape of a vertical rectangular plate. Contact with the ground 
is maintained along the whole width of the reflector, using a horizontal element. 
In the course of the measurements, each reflector was separately moved along a 
straight line to the point where the received signal at 2 GHz (close to the band 
center) decreased by 6 dB. As a result the antenna field at the compensation point 
in the presence of both reflectors is substantially smaller than the field of the 
antenna without reflectors. The measurements are performed at two different 
values of reflectors width b, i.e., 8 and 15 cm, and at different angles (10, 15 and 
20°) between the axis of the setup symmetry and the lines, along which the 
reflectors were moved to attain the zero field at the compensation point. In all 
variants the signal was half as strong as its value when the distance between the 
compensation point and the near edge of the reflector was 9 cm. 

The measurement results are given in Table 5. 
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Table 5: Measurement results for the signal magnitudes at the compensation point 


/; 

GHz 

Without 

reflectors 

With reflectors of width 

Difference 

8 cm 

15 cm 

8 cm 

15 

cm 

/?/2 = 10° 

20 

15 

15 

10 

20 

15 

15 

0.5 

-17 

-32.1 

-37.4 

-33.3 

-35.8 

15.1 

20.4 

16.3 

18.8 

1.0 

-19.5 

-33.5 

-38.3 

-35.8 

-34.3 

14 

18.8 

16.3 

14.8 

1.5 

-39 

-46.4 

-38.3 

-43.4 

-54.9 

7.4 

-0.7 

4.4 

15.9 

2.0 

-28.8 

-37.3 

-47.2 

-40.4 

-62.5 

8.5 

19.4 

11.6 

33.7 

2.5 

-27.7 

-47.1 

-29.4 

-42.6 

-41.3 

19.4 

1.7 

14.9 

13.6 

3.0 

-36.3 

-43.9 

-35.1 

-47 

-42.6 

7.6 

-1.2 

10.7 

6.3 


The frequency dependence of the signal at the compensation point without reflectors 
(1) and with reflectors (2) is presented in Fig. 19, for reflector widths of 8 (a) and 15 
cm (b). As is clear from the table and figures, the reflectors with width 8 cm permit 
to decrease the signal magnitude without tuning by 10-15 dB for the whole 
frequency range, and the reflectors with width 15 cm perform even better. 



f GHz 


f GHz 


Figure 19: Frequency dependence of signal at the compensation point without reflectors (1) and 
with reflectors (2) for reflector width 8 cm (a) and 15 cm ( b ). 


The simulation used the program CST. The structure adjustment (selection of 
reflector positions, which allows obtaining the minimum signal at point C) was 
performed at frequency 2 GHz. 
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In this section, we have analyzed a compensation method for wideband operation. 
The calculation and experimental results of studying different structures for 
wideband compensation show the advantages of structures with radiators located 
at equal distances from the compensation point. Using these structures, one can 
decrease the irradiation power by a factor of 5 or more in a wide bandwidth. Two 
auxiliary radiators permit to achieve these results without the deep and wide dips 
in the horizontal pattern. 
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CHAPTER 8 


Arrays 

Abstract: Main circuits of antenna arrays and their characteristics are described. Flat 
log-periodic structure, reflect arrays and adaptive systems are considered in greater 
details including the use of algorithms of adaptation and adaptive control of weighting 
coefficients, which is performed by the adaptive processor. 

Keywords: Adaptive array, Adaptive control of weighting coefficients, Adaptive 
processor, Algorithms of adaptation, Array on the basis of existing set of ship 
antennas, Broadside radiation, Log-periodic dipole antenna, Flat log-periodic 
structure close to the self-complementary one, Microstrip antenna, Minimum 
backward radiation, Multiple-stacked antenna, Pattern, Phase step during 
reradiating, Principle of the current cut-off, Radiation in the prescribed direction, 
Reflect array, Relationships of similarity, Theorem of pattern multiplication. 

8.1. CHARACTERISTICS OF DIRECTIVITY 


As noted in Section 1.1, if sources of electromagnetic field are distributed 
continuously in some volume V, and a medium surrounding volume V is a 
homogeneous isotropic dielectric, the solution of equation (1.19) for a harmonic 
field is given by (1.21). In this expression, R is distance from the integration point 
to the observation point, which in the far region in the first approximation 
corresponds to Fig. 1. If radiators inside the volume have the same direction, then 


A 


p 


A(°) 

4(o) 


JJJ./., exp('/*r cos , 
(V) 


( 8 . 1 ) 


where A (o)dV is the vector-potential of the field, created by an elementary 
volume with current density j (o) located at the coordinate origin. If E p (o)dV is 
the field of the volume, then 


£>) 

4(o) 


jjjj p exf(jkzcosO)dV. 

(V) 


( 8 . 2 ) 
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To exemplify, consider an elementary linear radiator (Hertz dipole) located along 
the z-axis. It is a filament of length b with current amplitude /, constant along b. In 
the far region, the filament field is defined by expression (1.7). Substituting it in 
(8.2), we obtain expression (1.9) for the field of a symmetrical radiator (dipole) 
located along the z-axis with the center at the coordinate origin (see Fig. 4a). If, 
according to (1.8), we consider that the current distribution along the radiator ann 
is sinusoidal one, we come to expression (1.10) the last factor of which gives the 
vertical pattern of isolated radiator. 


Another example is a linear array situated along the x-axis (Fig. la). In this case, 
one must replace (8.2) with the sum 


E = 


J,(o) 


E J A°) ex p [/*(”-iKL 


(8.3) 


where £jis the field of the first radiator, d x - d cos r/? sin 0 is path difference of 
beams from the adjacent radiators to the observation point with arbitrary 
coordinates (p and 0 , n is the radiator number, and the array radiators are excited 
by currents with equal amplitude and linearly growing phase displacement: 

J» (°) = J \ (°) ex P [- j( n - 1 V ] • ( 8 - 4 ) 


Here, y/ is the phase shift between currents of adjacent radiators. Using the 
formula for a sum of N terms of geometric progression with ratio 
exp[/(fe/cos^sin0-^)], omitting factor exp[/(/V - \ ){kd cosr/) sin 0 - y/)l l\ 
defining phase characteristic of array, and normalizing the result to 1, we obtain 
expression for the amplitude characteristic of an array 


F„(e, v ) 


sin[iV(M cos^>sin0-^)/2] 
Asin[(M cos^sin^ -y/)n\ 


(8.5) 


As seen from (8.3), the pattern of a system of identical, equally oriented 
directional radiators is the product 

F{0, ( p)=FXe,(p)F N {0, ( p), 


( 8 . 6 ) 
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where F x {6, (p) is the pattern of an isolated radiator. Equality (8.6) is referred to as 
the theorem of pattern multiplication, and N ' Ms the array factor. 



iator. 


(0 



(p exp(-/y/) 


O 



.V 


b ' 



exp(-7^) 


Figure 1: Uniform antenna array: (a) - linear, ( b ) - rectangular. 

If a system of radiators consists of horizontally-omnidirectional antennas, e.g., of 
vertical monopoles, its horizontal pattern coincides with the array factor, and the 
vertical one depends on the corresponding pattern of an isolated radiator. One 
should emphasize that the array factor also depends on angle 0. 

A rectangular array (Fig. lb) can be considered as a linear structure consisting of 
M linear arrays. Therefore, the array factor of the rectangular array is 


(8.7) 



where F M is the array factor of a linear array of M radiators situated along the y- 
axis: 


sin \M{kb sin <p sin 
M sin[(Af>sin ^>sin 0 - £)/ 2] 



( 8 . 8 ) 


The electrical characteristics of radiator system at given frequency are conditioned 
by its phasing mode, i.e., by choice of the phase shift between the currents in 
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radiators. Two phasing modes of antenna arrays are possible: the maximum 
forward radiation and the minimum backward radiation. In the first mode, the 
phases of radiator fields are the same at the observation point with a given 
azimuth; in the second mode, the field is minimum or zero in the direction 
opposite to the correspondent’s direction. The first mode can be set up in any 
array, while the second one is not feasible always. For example, it is unfeasible in 
a linear array. 

In a rectangular array, the phases of signals coming from the adjacent radiators of 
one tier to the observation point, located in the same horizontal plane as the array, 
differ from each other by quantity ® !2 - ®,, = kd cos (p - (//, and the phase 
difference from radiators of adjacent tiers is® 21 — ® u = kb sirup . Here, <b mn is 
the phase of signal, coming from the mth radiator of the nth tier. At the 
observation point with azimuth^, phases of all signals will be the same, if 

Y m ~ kd cos <p m , c„, = kb sin <p m = (b y/ m /d ) tan <p m . (8.9) 

The conditions are necessary and sufficient for implementation of the first phasing 
mode. 


The second mode can be applied, e.g., in a double-tier array, where the fields of 
radiators of each tier are added together in phase, and then the fields of different 
tiers are added together in anti-phase. The condition of no signal in direction tp 0 
has the form 


y/ 0 = kd cos <p 0 , = kb sin <p 0 + n - 


b y/ n 

-- tan tp () + n. 

d 


( 8 . 10 ) 


Calculation of the phase shifts in accordance with equalities (8.9) and (8.10) for 
different angles cp of direction of the maximum radiation (in the first case <p = cp m , 
in the second case cp = cp 0 + n ) clearly demonstrates the difference between the 
modes (Fig. 2). 

Apart from a rectangular array, the other variant can be implemented on site, e.g ., 
aboard a ship. The variant uses the existing set of ship antennas. As a result, an 
array of arbitrarily located radiators is formed. Let the current in the base of the 
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nth radiator be J„(o) = | J n exp(- jy / n |. Fig. 3a presents phase shifty, ensuring 
that the field phase of the nth radiator coincides in the far region with the field 
phase of the radiator located at the coordinate origin. If the condition is met for all 
radiators, their fields are together in the observation point (in the forward 
radiation mode). 



Figure 2: Phase shifts in the modes of maximum forward radiation (a) and zero backward 
radiation ( b ). 
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The phase of the nth radiator field in the far region is 

=~K -Vn> 

where r n - r - x n cos <p - y n sin (p is the distance from the radiator to the 
observation point. IfO H = const(n) = -kr , then y/ n = k(x n cos <p + y„ sin tp). Let 
x n /A = D + d //l, y n jA = B + b/A , where D and B are integers, d/A and b/A are 
proper fractions. Then 

Yn = D Y,+B% X + y/ m + 4 . ( 8 . 11 ) 


Here, y/ x - 2^-cos cp and ^ = 2^sin^> are found from Fig. 3b (depending on<p), 
y/ m and4 - from Fig. 2a or expression (8.9). 


The directional perfonnance of radiators is known to be described by the 
directivity, which is given by the ratio of the maximum of radiation intensity to its 
average value in the radiation sphere. The parameter represents the number of 
times, one must increase the power in passing from a directional to 
omnidirectional (isotropic) antenna under condition of field retention at the 
receiving point. Since the field strength of a directional antenna is E = E m F(d,tp), 
where E m is the field in the direction of the maximum radiation, the power of 
such antenna is an integral of the Poynting vector 



( 8 . 12 ) 


The integral is taken over the surface of a sphere with great radius r (in the far 
region), where a surface element is equal to dS = r 2 sin OdOdtp. The radiation 
power of omnidirectional antenna is 



where E x is the field of omnidirectional antenna, which in accordance to the 
fields equality condition at the observation point must be equal to E x = E m (0 t ,<p x ). 
Therefore we obtain for directivity in an arbitrary direction 
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Figure 3: Circuit of the nth radiator placement (a) and dependence of !// and E, x on <p (h). 


D . p n _ 4 xF : (O x ,(p x ) 

1 p 2 tt 71 

1 ^d(p^F 2 {0,(p)sm0d0 

0 0 


(8.14) 


In particular, the directivity in direction of the maximum radiation, when 
F(0 l ,<p 1 ) = l, is 


D 


m 


An 

2 71 71 

J dcp J F 2 (d,tp) sin Od 9 

0 0 


(8.15) 


As one can see from (8.14) and (8.15), quantity D, is determined easily, if D m 
and F{9 1 , <p x ) are known: D, = D m F 1 {6 ] fp } ). 

Figs. 4-6 present the maximum directivity of linear and double-tier arrays 
consisting of isotropic radiators. Directivity is calculated in accordance with 
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(8.15) by replacing F{0,q)) with F MN (O, <p). The calculated directivity of several 
arrays at three frequencies at different azimuths of a main lobe is given in Table 1 
in the mode of the maximum forward radiation. Processing of calculation results 
permits to build other characteristics of directivity for the radiator system: the 
main lobe width, the side lobe level, and the radiation level in the opposite 
direction. In particular, the half-power width of the main lobe is presented in Fig. 
7. 




Figure 4: Directivity of a linear array of 8 radiators. 



d/1 


Figure 5: Directivity of a double-tier array of 8 radiators in the mode of the maximum forward 
radiation. 
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Figure 6: Directivity of a double-tier array of 8 radiators in the mode of the zero backward 
radiation. 

2A<p° 2A <p 2A<p° 



Figure 7: Main lobe width of a linear array of 8 radiators. 


If there are several main lobes, two curves are given with the upper curve showing 
the sum of lobe width. 


Table 1: Directivity of antenna arrays in the mode of maximum forward radiation. 


Array type 

df 1 = 0/2 

0.4 

0.6 

0.2 

0.4 

0.6 

in units 

in decibels 

Linear, 4 radiators 

1.8-3.2 

3.1-5.5 

2.9-4.9 

2.5-5.0 

4.9-7.4 

4.6-6.9 

Linear, 8 radiators 

3.3-6.0 

6.2-8.9 

5.0-10.3 

5.2-7.8 

1.9-9.5 

7.0-10.1 

Square 

1.8 

3.5-4.0 

3.5-3.8 

2.5 

5.4-6.0 

5.0-5.8 

Double-tier, 8 radiators 

2.5-3.5 

6.1-12 

5.7-7.9 

4.0-5.4 

8.2-8.6 

7.-9.0 
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The analysis of results presented in table and in figures permits to compare the 
characteristics of different arrays depending on the number of radiators. 

8.2. LOG-PERIODIC ARRAYS 

A log-periodic dipole antenna (LPDA) provides directional radiation along the 
longitudinal axis. Also, it retains the pattern shape and has constant input 
impedance in a wide frequency range, i.e., belongs to the class of frequency- 
independent antennas, since such antenna implements the principle of 
electrodynamics similarity. In accordance with the principle, a radiator has the 
same electrical characteristics at two different frequencies, if its geometric 
dimensions change, as the frequency changes, in proportion to the wave length. 
Not only tunable antennas satisfy the principle of electrodynamics similarity, but 
also those with the shape defined by angular dimensions, e.g., conic radiators of 
infinite length satisfy the principle. In this case, a change in the scale fails to lead 
to an antenna change, i.e., the radiator shape and its dimensions in wavelengths 
are the same at different frequencies. 

Relationships of similarity follow from Maxwell equations. For the harmonic field 
created by an antenna in surrounding space, we can write, accordingly (1.1), 

curlH = (cr + jcos)E , curlE = -jco/uH . (8.16) 

Similarly, at another frequency 

curlH' = (a'+jo)'s')E ', curlE'= -ja'ju'H ', (8.17) 

where E'= k E E,H'= k H H,co'= k co a>,s'= k £ s,ju'= k fi ju,a'= k a o,V= k t l' , here, 
k E ,k H ,k a) ,k £ ,k , k a , k t are the coefficients, interrelating quantities at different 
frequencies in the equation, and / is the distance (arbitrary linear coordinate). The 
said coefficients are called those of modeling, since the use of the principle of 
similarity allows studying antennas characteristics by means of a model 
experiment. 

Substitute the coefficients into (8.17) and take into account the linearity of 
quantities and operator cur/A, where A is an arbitrary vector. Since the 
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resulting equations are to coincide with equations (8.16), then 

k H = k a k E k n k H = k co k s K E k L ’ k E = k co K g k H k l • If k s = k M = 1 » then 

k HI k E = k & k l = k Jl = V(Mz). Le -’ 

k m k l = 1 ,k H = k E ,k a k, = 1. (8.18) 

It follows from the expression that the electromagnetic field at different 
frequencies will be the same, if the electrical dimensions of an antenna (the ratio 
of linear dimensions to the wavelength) at different frequencies coincide and the 
material conductivity is in inverse proportion to quantity k,, i.e., increases with a 
frequency. 

A similar conclusion is valid for model studying antennas. When the geometrical 
dimensions of a model are smaller by factor N than those of the original, it is 
necessary to increase the signal frequency and the conductivity of model material 
N times. Since k H = k E , i.e., relationship of the currents and voltages remains the 
same, the resistances of resistors should remains the same, whereas the 
capacitances of capacitors and the inductances of coils connected in the model 
should be smaller by factor N. As a rule, the conductivity of model material could 
not be increased by factor N. So, the active components of an antenna and the 
model input impedances as well as the characteristics depending on them ( e.g ., the 
efficiency, energy factor Q, the gain) differ substantially from each other. 

As said earlier, the LPDA belongs to the class of frequency-independent antennas. 
Of special interest among them are the antennas having the property of the 
automatic current cut-off. This means that the field at each frequency is radiated 
by a small segment of the antenna (by the active area), and attenuates quickly 
outside the boundaries of the area. Here, the coordinates and dimensions of 
radiated segment are rigidly concerned with the wavelength value. When the 
frequency changes, the antenna section, radiating the field, (the active area) moves 
along the antenna. The electrical dimensions of the area, both longitudinal and 
lateral, remain constant ensuring the invariability of the characteristics. 

If the antenna has finite dimensions, its frequency range is finite, but the antenna 
has, in this finite range, the properties of an infinite antenna. The maximum 




Arrays 


The Theory of Thin Antennas and Its Use in Antenna Engineering 241 


wavelength is governed by the maximal lateral dimension (by the width) of the 
antenna, and the minimum one is governed mostly by the accuracy of the structure 
manufacturing near the excitation point. 

LPDA (Fig. 8a) is a collection of elements (of wires), their dimensions forming a 
geometric progression with ratio 1/r: 

( 8 - 19 ) 

Accordingly, the antenna electrical characteristics are repeated at frequencies 
forming the geometric progression with the same ratio. It means that the 
directional characteristics and input impedance of the antenna prove to be periodic 
functions of logarithm of frequency / i.e., when the electrical characteristics are 
plotted as a function of In /, their values repeat with period equal to in r . Hence 
the antenna name. 

An indispensable condition of a weak frequency dependence of antenna 
characteristics is their varying little within one period. To meet the condition, the 
frequency period itself must be small. But this is insufficient. 

The LPDA shown in Fig. 8a consists of two structures situated in one plane. Each 
structure is shaped as a straight wire, with linear conductors attached at right 
angles to it alternately from the left and from the right. Their lengths increase with 
the growing distance from the excitation point, following the law of geometric 
progression. Such antenna is a simplified and modified variant of a flat log- 
periodic structure shown in Fig. 8b, which is the self-complementary structure, 
i.e., consists of metal plates and slots coinciding with each other in shape and 
dimensions. The input impedance of a flat infinite self-complementary structure is 
purely active, independent of the frequency, and equal to 60;r (see Chapter 4). 
Construction of a log-periodic antenna in the form of a self-complementary or 
similar structure ensures a little variation of electrical characteristics of the 
antenna within one frequency period. 

Each of two structures, forming a LPDA (see Fig. 8a), differs from the structure, 
forming an arm of a flat log-periodic antenna (see Fig. 8b), with replacements of 
the metal sector 1’ with the longitudinal wire 1, of metal strip 2’ situated along the 
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arc of a circumference with lateral wire 2, tangent to the arc, and of the slot strip 
3’ with the interval between the lateral wires. Such construction is essentially 
simpler to implement and, at the same time, close to the original one in the 
electrical properties. 

Rotation of one of antenna metal structures (of one arm) about the v-axis (see Fig. 
8b) through angle n and placement of both structures in one plane allow 
providing unidirectional radiation. It is convenient to interpret the unidirectional 
log-periodic antenna shown in Fig. 8a as a linear array of symmetrical radiators 
that have monotonically changing length and are excited by a two-wire feeder. A 
generator is connected in the feeder from the shorter radiators. 

A convenient implementation of an antenna design, which is requires no special 
balun, is shown in Fig. 9. The cable is laid inside one of tubes forming a two-wire 
feeder (distribution line).The cable sheath forms an integral unit united with the 
tube, and its inner conductor is connected to the second tube at the antenna vertex. 

Consider the active area of LPDA with the view of explaining the principle of its 
operation. The area consists of dipoles with the arm length close to/l/4. In their 
input impedance, an active component is predominant, and the reactive 
component is small. In actual practice, the number of dipoles forming the active 
area can be as high as five. To simplify assume only three dipoles, with the arm 
length of central one beyng/l/4 . The upper arms of dipoles are seen from Fig. 8a 



Figure 8: Log-periodic dipole antenna ( a ) and flat structure ( b ). 1 and T are distribution lines, 2 is 
a dipole, 2’ is a metal strip, 3’ is a slot 
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to be connected alternately to one or another conductor of the distribution line, 
which is equivalent to a crossing of conductors on the line segments between the 
dipoles. With allowance for the crossing the current in the larger dipole leads in 
phase the current in the resonance radiator, and the current in the shorter dipole 
lags behind the current in the resonance radiator, i.e., larger dipole acts as a 
reflector and the shorter one as a director. Therefore, the fields of individual 
radiators are added in the direction toward the feed point (to the side of shorter 
dipoles) and cancel each other in the opposite direction. 

The waves in the distribution line reflected from the dipoles of the active area 
cancel each other to a considerable extent, since the reactive components of the 
input impedances of shorter and large dipoles are opposite in sign. This explains a 
high matching level of the active area with the distribution line. In addition the 
electrical length of the line from the feed point to the active area remains 
unchanged with the changing frequency. Therefore, the active area impedance 
referred to the antenna input is the same at different frequencies as well. 

The dipoles located outside the active area are excited weakly due to the great 
reactive impedance. The short dipoles at the structure beginning practically fail to 
radiate, since the fields established by them add almost in anti-phase because of 
line wires crossing and the proximity of dipoles to each other (as compared with 
the wavelength). As a result, the EM wave along this segment of distribution line 
has almost no attenuation, i.e., the distribution of currents and voltages at the line 
segment between the feed point and the active area is close to that of the traveling 
wave mode. The short dipoles act as capacitances shunting the distribution line 
and thereby decreasing slightly its wave impedance. The long dipoles situated 
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behind the active area radiate weakly as well, since, first, their input impedance is 
great and, second, the power of the EM wave at that line segment drops 
substantially as a result of attenuation in the active area. 

The method of LPDA calculation [49] is based on antenna presentation in the 
form of a parallel connection of two multiport networks (Fig. 10 ), one of which 
describes the dipole system and is defined by matrix \Z A ] of mutual impedances, 
and the other describes the distribution line with matrix [Y I ] of admittances. For 
each nth dipole of the structure with current J An and input impedance Z An , the 
following equation is valid 

J a ,Za,=(J-Ja,)/Y*,- ( 8 . 20 ) 



Figure 10: Equivalent circuit of LPDA. 

Here, F ln is the admittance of the distribution line segment, to which the dipole is 
attached, and J is the impressed current excited at given junction point (or, rather, 
a line connecting this segment with a dipole). From here, 

Accordingly, a matrix equation with respect to column-vector [./ , ] of dipole 
input current is written in the form 

(F]+[r,Iz,MJj = p], 


( 8 . 21 ) 
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where [fi] is the identity matrix, [./] is the column-vector of currents exciting the 
lines connecting multiport networks with each other. Since the only exciting 
source is the generator of current 


J 0 connected in the first connecting line, then [./ ] 


J n 


. Solving equation (8.21), 


1° I 

we find the column-vector [ J A \, and then matrix [V A ] = \Z A \J A ] of the voltages 
at the dipoles inputs. The first element of the matrix is the voltage at the input of 
the shortest dipole, which is equal to the input impedance of antenna, if the 
exciting current J 0 is equal to 1. 


In [49], the elements of the matrix [ Z A ] are calculated, in fact, by the induced 
emf method. Later on, to obtain more exact results, the matrix elements were 
calculated by means of the integral equation solution with the help of the Moment 
Method. The difference between the approximate and the exact method is 
particularly noticeable, if the LPDA consists of thin radiators or has a wide angle 
at the antenna vertex. The energy in this antenna propagates along the distribution 
line beyond the boundaries of the active area and excites the long dipoles. 

Log-periodic antennas have rather large overall dimensions. To lessen their lateral 
dimensions, it is expedient to shorten the longest dipoles, using loads of different 
kinds or concentrated impedances. Attempts to decrease longitudinal dimensions 
of an antenna failed, since violation of geometric progression relationships and 
increase of the number of dipoles cause, as a rule, sharp deterioration of the 
electrical characteristics and produce insignificant decrease of overall dimensions. 

8.3. REFLECT ARRAYS 


Lately, reflect arrays became widespread in the capacity of a flat equivalent of a 
parabolic reflector. The calculation method of the array is based on the reciprocity 
theorem described in Section 3.5. For example, an array of microstrip radiators is 
such an array. 
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The simplest microstrip antenna is a rectangular metal plate of length L and width 
b situated on a dielectric substrate above a metal plane (Fig. 11a). Length L of the 
plate is about Z 1( /2, where Aj is the wavelength in the substrate material. A 
simplified model of a microstrip antenna is a planar dipole with a sinusoidal 
current distribution (Fig. lib) and dimensions coinciding with those of the 
microstrip antenna. The propagation constant of the current is close to k x = kjs^, 
the propagation constant of a wave traveling in the substrate material ( s r is the 
relative permittivity of the substrate). 

The equivalent circuit of the antenna operating in the receive mode is shown in 
Fig. 12a. Flere Z A is the antenna impedance in the transmit mode. In this mode, 
the current distribution along a planar radiator is similar to that along an 
impedance electric dipole excited at its center. In the first approximation, the input 
impedance of the radiator when L/2 < 0.3A l is 

Z A =R T -jW A cot{k l L/2), (8.22) 

where is the radiation resistance, W A is the wave impedance of the planar 
dipole, the value of which is equal to the doubled wave impedance of a strip line. 
The wave impedance of a strip line is W - 120 where t is the 

thickness of the substrate [50]. If L/ 2<0.3Z 15 the radiation resistance can be 
calculated by formula R Y =20 k 2 l 2 e , where l e = (2/A:,) tan (A, A/4) is the effective 
length of the antenna. The values of the input impedance, corresponding to 
L/2 > 0.3/1,, can be calculated with the use of the Moment Method. 



Figure 11: General view of a rectangular microstrip antenna (a) and it’s excitation at the center of 
the metal plate (b). 
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The amplitude and phase of the current generated in a reradiator depend on the 
load impedance. For the circuit shown in Fig. 12b, 

I A = e/Z A = e/\Z A | exp)./ coF' [(lF, //-^ )cot(/cL/2)]j. (8.23) 

Quantity cot [(tF < //? I )cot(/iZ./2)] is the phase increment of the current running in 
the antenna relative to the phase of the incident field. In accordance with the 
reciprocity theorem, the increment is equal to the phase increment of the reflected 
field relative to the phase of the current running in the antenna. Hence, the phase 
step during reradiation is 

q> x = 2 tan 1 [(W A jR,_ )cot(AZ/2)]. (8.24) 

The value of the step is zero for a tuned antenna, negative for an elongated 
antenna, and positive for a shortened antenna. Increase of dipole radius a lowers 
its wave impedance W A and decreases the phase step (Fig. 13). 



Figure 12: Equivalent circuits of a receive antenna for load Z R (a), zero load (h), and a capacitive 
load formed by the slot filled with a dielectric (c, d). 

The approximate method for calculating the phase step of the field reradiated by an 
element of a reflection array is based on the reciprocity theorem and the theory of 
dipoles. The method is simple and efficient. After only slight sophistication, this 
method can be used to analyze loaded antennas. For the circuit shown in Fig. 12c, 
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Figure 13: Field phase step during reradiating as a function of the antenna length. 


i.e.,, the phase step during reradiating is 
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2 tan 1 
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f 1 ... 
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-+ W, cot — 

u 

V ojC 

2 Jj 


(8.25) 


Here co is the circular frequency of the signal. 


Apply the above results to calculation of the phase step of a microstrip antenna 
during the reradiating. To sum the signals from secondary radiators in the 
direction perpendicular to the array plane, the phases of the signals should be 
equal. 


Assume the primary feed coordinates to be x 0 , y 0 andz 0 (see Fig. 13a). Then, the 
phase step in the zth reradiator, needed to comp ensate the phase difference in the 
direction of the x-axis, must be equal to £ >i = k 
The choice of geometric dimensions of the zth 
step (Pu = £-. 


0 +(y. - To ) 2 +( z i~ z o ) 2 -• 

reradiator allows it to receive phase 


Fig. 14 plots the field phase step (f >, created at 60 GHz by a micro strip antenna 
situated on a substrate with a thickness of 0.254 mm and a relative permittivity of 
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2.22 as a function of the antenna length. The results were obtained by the 
proposed technique. Curves 1 and 2, respectively, correspond to antenna widths of 
0.3 and 2.3 mm. 


<P° 



Figure 14: Phase steps (p x for micro strip antennas with lengths of 0.3 (curve 1) and 2.3 mm 
(curve2). Closed and open circles show the results obtained in [51]. 

The rigorous method for calculating the step value was described in [51]. It relies 
on the analysis of an infinite periodic array of identical elements illuminated by a 
plane wave, i.e.,, on solution of the analysis problem in the spectral domain and 
on the Floquet’s theorem. The open and closed circles in Fig. 14 correspond to the 
results presented in [51]. As seen from the Figure, the correspondence is 
satisfactory. 

Along with simple microstrip antennas, multilayer (multiple-stack) microstrip 
antennas can be used in reflection arrays. If the field phase step arising during 
reradiating in a single-layer antenna is less than 360° (the phase increment arising 
with a sufficiently thick substrate, which ensures smooth phase variation during 
plate length changing and a wider frequency band, does not exceed 300°), the 
maximum phase step, attainable, e.g., in a two-stack antenna, is 540°. 

The design of a two-stack micro strip antenna is shown in Fig. 15. In this antenna, 
two rectangular metal plates (of lengths L x and L 1 and widths b x and b 2 , 
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respectively) are separated from each other and from the metal plane by a 
dielectric substrate. The upper plate is smaller than the lower one. Plate length L 2 
is larger than/lj /2, where \ is the wavelength in the substrate material. 

Characteristics of a multiple-stack antenna can be calculated by the method described 
above. The phase step of the field generated at 12.5 GHz by a two-stack microstrip 
antenna containing substrates with a thickness of 3 mm and a relative permittivity of 
1.03 is shown in Fig. 16 as a function of antenna length L 2 . The antenna is a square. 
The calculating curves were obtained with the use of the proposed technique. The 
open and closed circles in the figure indicate the results of [52]. 

In order to set the maximum of the radiation pattern of an antenna array in the 
prescribed direction, the phases of the radiator fields must be equal in this 
direction. Hence, if this angle varies in plane xOz, the phases must vary linearly as 
functions of coordinate z j (see Fig. 13b): y/ i = k(z x -z ; ) cost?. To simplify the 
control procedure, the field phases should be controlled by an electric signal. 

Among the circuits of microstrip antennas, circuits with loads are most suitable 
for continuous control of the phase of the reradiated field. In order to connect the 
load impedance in series into the circuit of a receiving antenna, a slot can be cut in 
the central part of the planar radiator across its long sides (Fig. 12d). In this case, 
a slot filled with a dielectric forms the simplest load: a capacitor with capacitance 
C (see Fig. 12c) and reactance 1/jcoC. The capacitor capacitance can be 
controlled readily via variation of the permittivity of a special material placed 
between the capacitor plates during application of voltage between the plates. 

Consider the circuit presented in Fig. 12c. The phase step during reradiation is 
determined by (8.25). The tangent of angle ^depends on two terms. The first 
tenn, a = 1 l{R Y coc) is related to the presence of a capacitor at the radiator center 
while the second term, /? = (W A /Ry )cot(k, L/2) is related to the deviation of the 
radiator length from the resonant value. The second term can be used to 
compensate of the phase difference caused by the differences in distances r t 
between primary feed 1 and reradiators 2 (see Fig. 13a), while the first term can 
be used for turning the radiation pattern. The total phase step in the z'th reradiator 
should be cp 2i = + y / i . Here, if reactances \/(j(oC i ) of capacitors C,, 
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corresponding to s r = 1 vary linearly with coordinate z., then, applying equal 
voltages to the capacitors filled with the same dielectric, we find that the 
reactances of these capacitors retain a linear dependence on this coordinate. This 
statement is equally valid for the first term in the expression for the above tangent. 



Figure 15: Two-stack microstrip antenna. 



Figure 16: Phase steps (p for a two-stack micro strip antennas with L l jL 2 =0.6 (7) and 0.8 (2). 
The open and closed circles present the results obtained in [52]. 


Note, however, that the second term takes different values for different reradiators 
because it depends on distance r t . Therefore, phase (p 2 will vary nonlinearly after 
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application of the same voltage to all capacitors. Note that even if the second term 
is absent, i.e., tan ^/\ =1 /(i? s tyC ; ) and the angular turning the radiation pattern 
requires a linear dependence of phase y/ i on coordinate z t , the value tan;//, and, 
accordingly, capacitance C, do not possess this property. Therefore, in the general 
case, the angular displacement of the radiation pattern requires application of an 
individual voltage to each capacitor. 


The case when angle 6 of the maximum radiation of the antenna array is close to 
7r/2, i.e., a((/3 , requires a special analysis. In this case, by expanding the 
function cp 2 - tan" 1 (a + 0 ) into the Taylor series, we obtain 


<p 2 (a + /3) = tan 1 p + a/(l + /? 2 ). 


Here, the term 


a 


\ + p 2 


RyOjQ 


1 + -^ if 2 cot 2 ' V| 


k,L 


K ~ 2 , 


is proportional to 


reactance 1 /{jcoC) of capacitor C. Hence, phases of the fields generated by 
secondary radiators will vary linearly with the coordinate upon application of 
equal voltages to the capacitors filled with the same dielectric. 


If the direction of the maximum radiation differs substantially from the 
perpendicular to the array plane, different voltages can be applied to several 
groups of antennas in order to bring the law of variation of phase (p 2 along the 
antenna closer to a linear function. Note that the number of these voltages can be 
substantially less than the total number of radiators. 


During calculation of the capacitance formed by a slot cut in the plate of a 
microstrip antenna, it should be taken into consideration that this capacitance 
consists of two terms: capacitance C 1 between thin planar plates and capacitance 
C 2 of the planar capacitor fonned between the plate edge surfaces. 

8.4. ADAPTIVE ARRAY 


During receiving a radio signal, possible filtration of interference, i.e., separation 
of useful signal and simultaneous suppression of interfering signals, is of 
important significance. The spatial filtration is one of most efficient methods of 
fighting interference. To apply it, one must kn ow the direction of the useful signal 
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arrival so that the main lobe of the reception pattern could be oriented on the 
source of the signal, and nulls of the pattern - on sources of interferences and 
disturbances. 

The array of receive antennas, forming a unified system with receiving equipment 
can act as an efficient spatial filter. Adjustment of such system is perfonned with 
the help of special weighting devices (attenuators), forming the required pattern, 
and adaptive controlling circuit (feedback loop), which uses an iterative procedure 
to automatically choose optimal parameters of the system and then automatically 
adapts to changing conditions. For this reason, the described antenna system is 
called an adaptive one. 

An advantage of adaptive processing is the fact that the suppression of 
interference, as a rule, involves no decrease of the useful signal. The automatic 
control of parameters is of special importance where constant factors, degrading 
the antenna perfonnance, act often in concert with variable factors that exist, for 
example, aboard ship: running rigging, motion of various steel ropes under the 
action of wind or pitching and rolling, rotation or tuning of nearby antennas, the 
weather effects, etc. 

An adaptive antenna system operates in the situation, when the spectrum of the 
useful signal and the direction of its arrival are known, whereas the field structure 
of the source incorporating noise and interference and the direction towards the 
source are not. The system uses an artificially introduced reference signal that is 
produced in the receiver and has the spectral characteristics and azimuth 
coinciding with those of the useful signal, known approximately. 

The principle of beam forming in the adaptive antenna system with the help of 
weighting devices is clear from Fig. 17. When multiplying output signals of array 
elements by weighting coefficients, the latter can be selected to secure that the 
main lobe undergoes almost no change ( i.e that the magnitude of the received 
useful signal remains the same), and the direction of zero reception coincides with 
that towards the interference source. A possible variant to implement required 
weighting coefficient W is using a circuit two parallel channels at each element 
output with system adjustment in amplitude and phase delay by nj 2 in one 



254 The Theory of Thin Antennas and Its Use in Antenna Engineering 


Boris Levin 


channel only. Such element is named as a circuit with quadrature channels. 
Introduction of the phase delay equal to njl is unnecessary, yet useful, since it 
allows obtaining a close magnitude of the weighting coefficient in the adjacent 
channel. 



Figure 17: Antennas array with adaptive control of weighting coefficients. 

The adaptive control of weighting coefficients (ACW) is performed with the help 
of controlling circuit - adaptive processor (AP). It automatically adjusts the 
weights by the iterative procedure in accordance with the chosen algorithm. Error 
signal s{t ) is used as a controlling one in adjustment circuits for weighting 
coefficients. The error signal is equal to the difference between reference signal 
d(t ) (close to required output signal) and actual signal .S’(/) at the adder output: 

e(t) = d(t)-s(t), (8.26) 

where output signal y(i)is the sum of signals x n (t) with weighting coefficients 

W n : 

IN 

S ( t )='Z X ”( t ) JV n • 

n =1 


(8.27) 




























Arrays 


The Theory of Thin Antennas and Its Use in Antenna Engineering 255 


Here, N is the number of antennas, 2N is the number of weighting coefficients. 
Quantity x n (t) is to take into account the phase delay, equal to jt/2 for even 
values of n. 

Three adaptation algorithms are applied: 1) differential or greatest steepness, 2) 
least mean squared error, 3) random search [53]. The first two are based on the 
steepest descent method. 

The adaptation process starts with a set of several arbitrary coefficients. Then, if 
the steepest descent method is used, the gradient of error function is measured, 
and the weighting coefficients are set such that the error function will change in 
the direction opposite to the gradient. The procedure is repeated to ensure that the 
error decreases and the weighting coefficients approach the optimal values. If the 
differential method is used, the gradient is evaluated directly according to the 
error function derivatives. In the least mean squared error method, the error value 
is squared, and the derivatives of the square are used to calculate the gradient. The 
random search method includes the measurement of the mean squared error 
before and after an arbitrary change of the weighting coefficients and the 
comparison of the results to decide whether to accept the change, if the error has 
decreased, or to discard it otherwise. 

The least mean squared error algorithm ensures either the most rapid convergence 
to the same value of the error in all cases or the least error in the same operation 
time. Implemented in practice easier than other one, the algorithm bases on using 
of feedback and adjusting each weighting coefficient following the law 

dW n /dt = Mds 2 (t)/dW n , (8.28) 

where // is a negative constant governing the convergence rate and the system 
stability, and the overline denotes the mathematical expectation. In this case, the 
number of arithmetical operations is linear in the number of weighting 
coefficients, that is, far less than in the direct calculation of the coefficients with 
the help of covariance matrix, where the number of operations is proportional to 
the third power of the number of weighting coefficients. 
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Rather than calculate the gradient of the mean squared error, which requires a 
great number of statistical samples, it is expedient to use the gradient of a single 
sample of t he squared error (the gradient estimate), i.e., to replace derivative 
d£ 2 (t)/dW n with derivative ds 2 (t)/dW n . Then the law of feedback takes the 
shape 

dW n /dt = -2 jux n (t)e(t) . (8.29) 

One can show expected value of the gradient estimate to be the gradient, i.e., the 
gradient estimation is unbiased. 

If the number of iterations increases without limit, the mathematical expectations 
of the weighting coefficients converge to the Wiener solution, for which gradient 

- 2 n - 

V£ 2 (r) = 'Y^ds 2 /dW n vanishes. But the convergence is secured only in the case, 

n =1 

when constant // lies within certain limits. A practically convenient restriction 
(although stricter than necessary) is inequality 

-l/P<//<0, (8.30) 

where P is total power of input signals. 

In accordance with (8.29), input signal x n (t) and error signalf(i), i.e., the 
difference between reference signal d(t ) and actual signal s(l) at the adder 
output, are fed into the processor. The error signal would have performed best, if 
the error signal had rather included the required output signal instead the reference 
one. But the latter is unavailable in the receive antenna, and we have to resort to 
the reference signal, close to the required one. For this reason, the main lobe of 
array in the process of adaptation orients in the direction specified by the 
reference signal. The amplitude response of the antenna system in the frequency 
band of the reference signal becomes uniform, and the phase response becomes 
linear. 

Lest the reference signal distort the useful signal, two manners of adaptation, 
single-mode and dual-mode, are developed and used. In the dual-mode adaptation 
(Fig. 18) only one processor is used, i.e., it is more economical. As seen from the 
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Figure, the reference generator signals (RG) outputs two signals. One signal goes 
as the reference signal d{t) to circuit for the processing. The second (control) 
signal imitates the useful signal arrival from the given direction. It goes through 
the circuits of delay 8 n to inputs of array channels. Delays 8 n are chosen so that 
the received input signals are identical to the signals coming from the given 
direction. 

In the first mode, with the switch set to position I, the control signals are fed to the 
inputs of adaptive processor channels, and the processor adjusts the weighting 
coefficients so that the output signal does not differ from the reference signal, i.e., 
turns the pattern main lobe in the given direction. In the second mode, with the 
switch set to position II, the signals from array elements (i.e., from the 
surrounding space) are fed to the inputs of adaptive processor channels, and the 
reference and control signals are removed, lest they distort the external signal. 
Since there is no reference signal, i.e.,d(t)- 0, all received signals are 
suppressed. 



Figure 18: The structure circuit of dual-mode adaptation. 


Sustained operation in the second mode leads to the self-clinching of the system, 
when all weighting coefficients tend to zero. But, if the modes rapidly alternate and 
the weights vary little during operation in each mode, the required direction of the 
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main lobe is retained (at the operation in the first regime), and the power of 
interference is reduced to minimum (mostly, in the second mode). The useful signal 
in the second mode (switch is set to position II) arrives at the receiver input (R). 

Digital simulation adaptive processing of signals confirms the procedure 
convergence and shows that this is an efficient method of the spatial filtration of 
interference with the useful signal retained. The experimental testing of adaptive 
system confirming its efficiency has simultaneously revealed the danger of 
suppressing the system operation by interference with a frequency close to that of 
the useful signal as well as necessity of protection, for example, by means of 
modulating the useful and reference signals with pseudo noise code. 



CHAPTER 9 


Particular Antennas and Problems 

Abstract: The chapter treats particular antenna problems, namely, transparent antennas, 
ship antennas, rectangular loop, and ground resistance. A rigorous method to calculate a 
transparent antenna based on solving the integral equation for the current permits to 
develop the antenna design. An analysis of electrical characteristics of a rectangular 
loop shows how its pattern differs from that of a circular loop. An application of the 
theorem on the oscillating power enables to simplify and define more precisely the 
magnitudes of the monopole ground resistance. Section dedicated to ship antennas deals 
with specific difficulties in their designing and service, the influence of superstructures 
and other metal bodies on their electrical characteristics, and the creation of the main 
ship antenna with inductance-capacitance load. 

Keywords: Antenna located flush with metal construction. Azimuth dependence 
on the near field, Electrical characteristics, Energy conservation law, Flat metal 
triangle, Ground resistance, Inductance-capacitance load, Integral equation for the 
current in a flat transparent antenna, Invisible antenna, Leontovich impedance 
boundary condition, Linear self-capacitance of a film, Low efficiency, Main ship 
antenna, Oscillating power, Propagation constant, Rectangular loop, Sheet 
resistivity, Ship antennas, Stray capacitance between the antenna and the mast, 
Thick superstructures, Transparent film, Upper and lower feeding, Weak 
dependence of input impedance on radiator length. 

9.1. TRANSPARENT ANTENNAS 

The present chapter is dedicated to some specific issues of antenna engineering. In 
particular, it concerns the progress in creation of transparent antennas. 
Manufacture of transparent conducting films became the base of such progress. 

Special films fabricated as ITO (Indium-Tin-Oxygen) coating on high-quality 
glass substrates are electrically conductive and optically transparent and have high 
sheet resistance homogeneity that permits one to use them as flat antennas for 
mobile communication and other applications. As an example, Fig. 1, quoted from 
[54], presents the dependence of the ITO and FTO (Fluorine-Tin-Oxygen) film 
transmittance on its sheet resistivity R sq , specified in Ohms per square section, for 
light (visible) wavelength 550 nm. As seen from the Figure, the transmittance 
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increases with the film resistivity growth, and, in the case of ITO, sufficiently high 
transmittance (near 95%) is ensured, provided film resistivity R sq is greater than 5 
Ohm/a 


Transmittance, % 



Figure 1: Film transmittance as a function of its sheet resistivity R . 

According to Leontovich impedance boundary condition, if the thickness of a 
metal film is greater than the penetration depth, the film loss resistance per square 
section is 

K, = 34-41 Jju r /(crX) Ohm/n, (9.1) 

where ju r is the relative permeability of the metal, a is its specific conductivity for 
constant current (in units S/m), and X is the wavelength (m). The specific 
conductivities of copper and aluminum, often used in antennas, are 5.8 • 10 7 and 
3 .5 ■ 1 0 7 S/m, respectively, and so their loss sheet resistances are 4.52 • 1(T J /VX 
and 5.92-lCP/VX, respectively. The conductivity of the ITO films used in 
transparent antennas is substantially lower than that of aluminum and copper. For 
example, sheet resistivity R of the CEC005P film is about 4.5 Ohm to square. In 
this case, the sheet resistivity is the resistance of a film square section with 
thickness equal to penetration depths given by 























Particular Antennas and ProblemsThe Theory of Thin Antennas and Its Use in Antenna Engineering 261 


8 = l /sjrfjucr • (9.2) 

Since typically /u r = 1, absolute penneability is/j = ju 0 = 4/r-10“ 7 F/m. If R is 
known, one can calculate specific conductivity a from (9.1): 

<j = 34.4 1 2 l{XR 2 q ). (9.3) 

If thickness d of a metal film is less than penetration depths, the film sheet 
resistance is 

R 0 =R sq 8/d. (9.4) 

Using expressions (9.2)-(9.4), we find: 0=195/ = 1.14-10 3 //, 5/d = 3677// 

(for <7=0.31 1 O' 6 m), R 0 =16549/, where frequency/is given in GHz. At 1 GHz (2 
=0.3 m), // = 16549 Ohm. Obviously, resistance R 0 of a transparent film, e.g., 
ITO , is much higher (by several orders of magnitude) than that of copper, namely, 
*oc=*,,c<^ = 8-25-l<r 3 V7. 

To verily the conformity of the actual sheet resistivity of the transparent films to 
the calculated results presented above, measurements of the sheet resistivity were 
performed. The measurements were carried out, as shown schematically in Fig. 
2a, on a mock-up consisting of a transparent film of thickness 0.62 10 6 m and 
two flat metal cones connected to either side of the film. Length L and width b of 
the transparent film are 2 and 7.5 cm, respectively. 

The measurements included two stages. The first stage (calibration) was 
accomplished on the mock-up without the transparent film (Fig. 2b), and the 
second stage (measurement) dealt with the total model (Fig. 2c). Its results are 
given in Table 1. Here, Z c and Z f are the measured values of the impedance in 
the calibration and measurement modes, respectively. Difference Z f — Z c is the 
transparent film impedance, given by a parallel connection of resistance R and 
reactance X: 


RjX _ RjX{R-jX) 
R + jX R 2 +X 2 


RX 2 

r 2 +x 2 +j 


r 2 x 


r 2 +x 2 ’ 
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cmAXjR is equal to the ratio of resistive and reactive components of the film 
impedance: R QZ f -Z c )j.Jn{Z f —Z c )-X/R. 

SinceRe(Z / -Z c )= — ; - -, thenR = Re[Z f -Z c ) -- —, so, using ratio X/R, 

R +X~ X~ 

we find 


R = Re(z f 



As noted above, the measurements were performed on a film 0.62 -10“ 6 m thick, 
i.e., twice that used in (9.4). Since the currents run on both the top and bottom 
sides of the film, the value of R must be halved one more time. It was shown 
earlier that the sheet resistance of the film at 1 GHz is equal to 16549 Ohm. Thus, 
with due account of the model dimensions, i.e., a double-thick film, its width, and 
the two film surfaces, the measured resistance should be equal to 
R = R 0 L/(4b )« 1103 Ohm. That is close to the measured values presented in the 
last row of Table 1. 



Figure 2: Sheet resistivity measurements: (a) -measurement circuit, ( b ) - mock-up without film, 
(c) - total mock-up. (1) - glass substrate, (2) -microstrip coating, (3) -transparent film 
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Knowing the current structure of antenna, in particular, knowing the current 
distribution law along the antenna axis, is of great importance for understanding 
of different physical processes in the antenna. Write down the equation for the 
current in a flat antenna in accordance with the integral equation for the current in 
a thin cylindrical antenna with nonzero (impedance) boundary conditions at its 
surface. 

The mentioned equation (2.36) for current J(z) of the symmetrical radiator in the 
first order approximation with respect to % has the form 

d + (k 2 - uXj(z) = -4xjcosK(z ) 

dz . (9.5) 

Here, z is the coordinate along the antenna axis, k = hr/A is the wave propagation 
constant along a perfectly conducting metal surface, U = j2co£%Z/a, 
K(z) = e8{z) is the impressed electromotive force, % is the small parameter of 
thin antennas theory (% ~ 1/Q, where Q is the parameter used by Hallen), co is 
the circular frequency, and Z is the surface impedance of the antenna, which is in 
this case equal to R 0 f . Here it is taken into account that the symmetrical radiator 
consists of two wires. It is easy to see that the equation is identical to the first 
equation of (2.37). 

The long line, equivalent to an impedance dipole, is shown in Fig. 4 of Chapter 2. 

Make a transition from the cylindrical antenna to a flat one. For that purpose, we 
shall replace the linear capacitance (per unit length) of a cylindrical monopole in 
the expression for the small parameter % with the linear capacitance of a flat plate. 
As shown in Section 2.5, the linear capacitance of a cylindrical monopole is the 
self-capacitance of a long wire of radius a. It is equal to C, = ns/\n(/lL/a)- Anex . 
Therefore, it is related to small parameter / by e% = C x / An . 

The linear capacitance of a flat monopole is the linear self-capacitance of the plate 
with length 2 L and width b, namely, 

C rl =%sl[sh^{2Llb)+(2L/b)sh- x {b/{2L))\ 


(9.6) 
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(see, for example, [27]). 

It follows from (9.5) that the propagation constant of the wave along the antenna 
is a complex quantity: 

r 2 =k 2 -U = k 2 -j coC,,RJ/{2b ). (9.7) 

If k 2 « \U \, then, as ® = 2nf • 10 9 ? we obtain 

r™ro( l ~J)’ ( 9 - 8 ) 

where y 0 = \0 4 f ^5xC rl R 0 /b . In accordance with (9.8), the current outgoing 
from the feed point decays exponentially. 


Table 1: The measurements and calculations results 


/ 

1.0 

1.001 

z c 

-261.11-J536.51 

-511.20-j998.91 

z f 

256.61-jl08.89 

200.40-j 116.73 

Zf-A 

517.72+j427.62 

711.60+j882.17 

X/R 

1.21 

0.807 

R 

871 

1805 


To calculate the wave impedance of the equivalent line, one should replace 
inductive impedance jcoA per unit length with loss resistance R 0 f per unit 
length, 

W x - V R 0 f/{jcoC rl ) - W w (l-y), (9.9) 

where Ww = ' 10 /( 4;r( 2 rl ) _ The linear capacitance and resistance are 

constant along the equivalent length, i.e., the line is uniform. Since the current 
quickly decays along the line, the line is an infinite long line from the viewpoint 
of the input impedance, and its input impedance is equal to the wave impedance: 


(9.10) 
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In a particular case, when L= 2, b= 7.5 cm, C rl = 0.57 • 10 10 F/m, then at frequency 
1 GHz, /o ~ 140.5 ? i e ' the current decreases by a factor of e at distance 0.7 cm 
from the feed point. The distance varies with increasing frequency in inverse 
proportion to it. It is clear that the coordinate of the point where the current 
decreases by a factor of e can be used as the upper limit of integration and also as 
the monopole length, i.e., the monopole should be shorter thanl cm. 

Squared propagation constant Y is equal to the sum of two tenns: k 1 and 

U = -k{ . If k ((k l ? then?'" * ~kf . Consider different variants of ratios k 2 and 

k[ . If k{ is substantially greater than k 2 , then, neglecting k 2 , we can write the 
following equation for the current in the first order approximation with respect to 
X as: 

d J [ Z ^ + k 2 j(z) = -4jijo)£K{z). (9.11) 

dz 

The equation solution shows that the current distribution along the antenna has the 
form of an exponential curve that decays from the generator towards the antenna 
free end. The greater the value ofy 0 , the sharper the decay curve is, and the 
smaller the necessary length and radiator efficiency are. As shown earlier, y 0 
depends on the shape and the width of the plate. But, if the film conductivity is 
small, the antenna radiation resistance and efficiency are small regardless of the 
plate shape and width, i.e., the level of its matching with the signal source is low. 

If the surface resistivity is small so that kf is substantially smaller than k 2 , the 
equation for the current in the first order approximation with respect to j will have 
the form: 

d + f 2 y(z) = -AnjcosK (z). (9-12) 

dz 

In this case, the current distribution along the radiator has, in the first order 
approximation, the sinusoidal character: j(z) = j(o)sin k(L - \z )/sin kL. 

It is reasonable to describe the implications of the surface resistivity being great or 
small. In the first case, k 2 is substantially greater than k 2 , while in the second case 
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the opposite relationship holds true. Parameters k 2 and k 2 depend on frequency 
to the same extent. For k to exceed Cjby a factor of 4-5, it is necessary, as it 
follows from (9.7), to decrease R 0 300-400 times at the expense of increasing the 
material conductivity and the transparent film thickness. At present time, the 
requirements are unlikely to be met. 

Fig. 3 presents variants of asymmetrical flat radiators, with the ground having the 
shape of an infinite metal sheet: a) a narrow rectangular plate, b) a wide 
rectangular plate, c) a self- complementary antenna. The radiators were compared 
with each other and also with a thin cylindrical monopole of circular cross section 
of radius a (variant d). 


It was shown above that the linear capacitance is in the case of a rectangular plate 
of width 7.5 cm equal to C, =0.57-10~ 10 F/m. In the case of a self-complementary 
antenna, angle cp at the vertex of the triangle adjacent to the generator is equal to 
90°, and C\ =0.37T(T 10 F/m. Dividing the radiator into short segments, solving an 
individual equation for each segment, and tailoring the segments currents at the 
boundaries, one can show that the self-complementary antenna is for high sheet 
resistivity films (when k 2 (^(k 2 ) undoubtedly worse than rectangular-plate one. 

Compare different antennas variants at k 2 jjkf . In this case, the losses power in a 
rectangular flat monopole of width b is equal to 


L 

P = y 2 (o)i? 0 /(hsin 2 Cl)J sin 2 k(L - z)dz . 


i.e., the loss resistance is 


Rloss 


RqL 


J 2 ( 0 ) 2b sin 2 CL L 2 kL i 


sin 2 kL 


If L = A/4, L = b, then R loss = 0.5 R 0 . 


In the case of the self-complementary dipole, its width depends on coordinate z, 
namely, 
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n L dz 

b = 2z. Accordingly, R loss =——“— fsin 2 k(Z-z)—, where A is a small value tending 

2s ire kL\ z 

to zero, i.e., 

R 

R hss = -2-[ln(L/A)- cos2kL(Ci2kL -Ci2kA) + sin 2kL(Si2kL - Si2kA) ] . (9.13) 

Asm~ kL 


Functions Cix and Six are the integral cosine and sine functions. Since A is small, 
then Ci2kA « C - In 2kA (C=0.5772...is the Euler’s constant), and Si2kA « A. For 
kL = 7i!2 we obtain R km = ^ 0 (ln/T - C + Cfn)! 4, i.e., R tms =0.1 MR I} . 

Comparison between the obtained results shows that the self-complementary 
antenna is for small sheet-resistivity films better than the rectangular one in terms 
of loss. Even if b=L (b is to the mean width of the self-complementary antenna), 
the loss in the antenna of constant width is thrice higher 



Figure 3: Variants of asymmetrical antennas: a ) narrow rectangular plate, b ) wide rectangular 
plate, c ) self-complementary antenna, d) cylindrical monopole. 


The detailed analysis shows that flat antennas with existing transparent conductive 
coatings have low efficiency. The digital simulation with the program CST 
confirms the qualitative coincidence of the calculations and simulation results. In 
particular, it confirmed that the rectangular-plates antenna is for high sheet 
resistivity films better than the self-complementary one. 


Calculations of transparent antennas permit one to make the following 
conclusions: 


1) Flat antennas with existing transparent conductive coatings have low 
efficiency. 
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2) Dependence of their electrical characteristics on dimensions and 
frequency has no marked resonant behavior. Owing to the fast current 
decay along the radiator, the characteristics weakly depend on the 
radiator length. 

3) The efficiency of a rectangular antenna with the use of existing films 
is substantially higher than that of the self-complementary one. 

4) The measurements of the film impedance comply with the tabulated 
values and confirm the calculated results of the sheet resistivity. 

5) To increase the antenna efficiency, it is expedient to somewhat 
increase its width and to establish a uniform current distribution along 
a radiator cross section, one should use a flat metal cone (triangle), 
with vertex and base are connected to the feeding cable and to the 
radiator base, respectively. The length of the triangle base is equal to 
the width of the radiator formed by the film. The triangle can be 
realized as a printed circuit of high conductivity. The triangle width 
must not exceed 2 min /4 lest the matching the antenna elements be 
disturbed. 





Figure 4: Transparent antenna with a flat metal cone. (1) - transparent radiator, (2) - metal 
triangle, (3) - balun, (4) - cable, (5) - ground, (6) - opaque material 
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The triangle can be placed behind an opaque material, e.g., beyond the lower edge 
of a car window pane. In general, it is better to implement an asymmetrical 
radiator (monopole), as it is easier to shelter the feeding triangle beyond the 
window pane edge (in contrast to dipole). The general view of such antenna, 
based on these conclusions, is presented in Fig. 4. 

The shape of the triangle detennines its wave impedance. If the wave impedances 
of the triangle and the film are close in magnitude, the signal reflection from the 
boundary of two sections is minimum, the current distribution along the structure 
is smooth, and the whole structure “triangle-film” is close to uniform one. 

The wave impedance of two flat triangles with vertex angle 2 a situated at an 
angle 180° to each other is given in [38]. In an asymmetrical variant, it is half as 
much and equal to 

W 2 = 60 7cK(n)/K (Vl-n 2 ), (9.14) 

where K(n) is the total elliptic integral of the first kind of argument n where 
n - (l-sin«)/2. 

Table 2 gives the calculation results of ratio K(n)/K (\/1 - n 2 j and quantity W 2 
for the structure of two flat triangles as a function of angle a . They show W 2 to 
increase as a decreases. Here, quantity W 2 tends to quantity W ] . The input 
impedance of the total antenna is 

ZjW 2 + j tank! 

2 2 1+ ./Z, tan kl/W 2 ’ 


where / is the triangle height. The reflectivity is 

p =- w c f+Jl ]/p]+ W r f + X. 


where W c is the cable wave impedance. The standing wave ratio (SWR) is equal to 
SWR = (\+p)l(\-p). 
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If the vertical z-axis coincides with the axis of the structure symmetry, and its 
origin with the feed point (see Fig. 4), we write currents J, (z) and J 2 (z) along 
the upper (thin film) and lower (metal triangle) sections of the antenna in the form 

Jj(z) = Jj(/)exp(- yz), J 2 (z) = J 2 (0)sin k(l + l e -z)/sink(l + l e ), (9.15) 

where l e -{\jk)vm J } (/)and J 2 (o)are the currents in the base of the 

upper and lower sections, respectively, with 

Jj(/) = J 2 (/) = J 2 (o)sin klj sin k(l +1 e ). The antenna effective height is found 
from the expression 

h e = h el + h e2 , (9.16) 


where 


Kt = 


l+L 


jM 


j./, I7)cx|lf yz)dz = 


sin kl 


y sin 




exp(-;7)-exp(- y(! + 1})] and 


V2 


i 

-1 


sin k(l + l e - z) d _ _ cos kl e - cos k(l + l e ) 


sin 


k(t + t.) 


k sin k(l + l e ) 


are the effective heights of the upper and lower sections of the antenna, 
respectively. The radiation resistance and efficiency are R-, = 40 (kh e ) 2 and 
% = R z/i R z + R i)- 


Further on, the characteristics of two antenna variants of width 7.5 and 2 cm are 
considered. In both variants, the rectangle and the triangle are equal to 2 and 0.5 
cm high, respectively. Antennas were excited by the generators with the output 
resistance 75 and 50 Ohm. 


Table 2: Wave impedance of two flat triangles 


a 0 

40 

30 

20 

12 

10 

8 

5 

1 

K{n) K^h-n 1 ) 

0.51 

0.57 

0.64 

0.69 

0.71 

0.72 

0.74 

0.77 

w 2 

96 

107 

121 

130 

134 

136 

139 

145 
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The electrical characteristics of antennas calculated with the Program CST were 
compared with measurement results of the full-scale models. Calculated values of 
input impedance Z A with allowance for short insert at point 3 (see Fig. 4), the total 
efficiency 7 (with allowance for matching) and gain G of both antenna models are 
given in Table 3, at frequencies from 2 to 8 GHz. Calculated curves for reflectivity 
p , the standing-wave ratio and the total efficiency are presented at Figs. 5 to 7. The 
antenna patterns in the horizontal and vertical planes are given in Figs. 8 and 9. 
Experiment (points) showed on the whole, compliance with these results. 


Table 3: Electrical characteristics of antennas models 


f GHz 

Width 7.5 cm 

Width 2 cm 

7 

G 

Z A ,Ohm 

7 

G 

Z 4 ,Ohm 

2 

0.06 

3.1 

1.5-J5.5 

0.008 

3.0 

3.1-j97 

3 

0.23 

3.3 

5.6+J46.5 

0.05 

3.0 

3.0-j54 

4 

0.09 

3.7 

19.5-j 123.5 

0.21 

3.0 

4.1-J28.5 

5 

0.10 

5.0 

4.4-j 13.3 

0.57 

3.0 

6.8-j9.2 

6 

0.52 

4.4 

8.5+jl9.6 

0.79 

3.1 

11.4+j8.1 

7 

0.47 

3.8 

42.4+j83.7 

0,79 

3.2 

18.3+j23.0 

8 




0.65 

3.5 

30.5+j41.3 


It is seen from the tables and figures that the curves for the variant of antenna 7.5 
cm wide have discontinuous form, and this effect is an essential disadvantage 
when the antenna is to operate in a wide frequency range. The causes of the effect 
are the large dimensions of the metal triangle on order of the wave lengths and 
reflection of the current wave from the interface of the transparent film and the 
metal strip. The absence of the disadvantage is an important asset of the narrower 
model. 

The transparent metal radiator has been analyzed basing on the integral equation for 
the current to reveal that the use of existing films with high resistivity causes the 
radiator current to decay rapidly from the feed point following the exponential law. 
For this reason, the radiator has low efficiency, and its characteristics weakly depend 
on the radiator length. Creating a uniform distribution of currents along the radiator 
cross section by means of a metal triangle pennits to obtain a sufficiently efficient 
antenna, the undoubted advantage of which is its wide frequency band, making it 
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suitable for UWB communications. It is expedient to use operation frequencies 
starting with 3-4 GHz. The poor perfonnance of existing transparent films prohibits 
obtaining high levels of matching and efficiency at low frequencies, while the 
increasing the antenna dimensions fails to lead to any positive practical effect. But 
one can create at the said frequencies an invisible antenna with high electrical 
characteristics on the base of transparent films. 



Figure 5: Reflectivity of the antennas with widths 7.5 (1) and 2 (2) cm. 



Figure 6: Standing-wave ratio of antennas with width 7.5 (1) and 2 (2) cm. 
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n 



f GHz 


Figure 7: Efficiency of antennas with widths 7.5 (1) and 2 (2) cm. 



Figure 8: Patterns in the horizontal plane of antennas with widths 7.5 (a) and 2 (h) cm 



0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 

Figure 9: Patterns in the vertical plane of antennas with widths 7.5 (a) and 2 (b) cm. 
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9.2. GROUND LOSS RESISTANCE 

Calculation of loss in ground was performed for a long time in accordance with a 
procedure based on assumption that the ground conductivity is high. For this 
reason, magnetic field H ip on the ground surface (Fig. 10a) is practically no 
different from magnetic field H 0 of an antenna located on perfectly conducting 
ground, which is equal to the surface current density in the ground 

jM= h M- < 9 - 17 > 

where the surface current is of the radial nature. 

If R 0 is the unit-area resistance of the ground surface, the resistance of a circle 
with radius p and a width dp is 

dR g = R () dp I {l Tip). 


The loss power in the circle is 


dP„ 




so, the loss resistance related to the antenna base is 


R 


g 



(9.18) 


Here j(0) is the current in the antenna base, and R f) = 1 /(Sa)= 1 Ft/ JaA , where 
length 8 is the depth of the current penetration into the ground, and a is the 
ground conductivity. 


Quantity a, which is the lower limit of integration in (9.18), is equal to an antenna 
radius or a radius of ground with infinite conductance. The natural choice of a 
upper limit is the infinity. But then the integral becomes divergent. Actually, 
using the monopole model in the form of the straight filament, we obtain for the 
antenna without load from (1.32) 
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HcpO ~ J 


j(o) 


2np sin kL 


exp(- jk^p 2 +L 2 )- cos kL exp(- jkp) 


(9.19) 


Accordingly, the integrand is 



P = 


j\ 0) 


An p sin kL 


1 + cos 2 kL -2 cos kL cos k\J p 2 + L 



lfb 2 »b x »L, integral [I// J pdp = —— C ° S -In— increases 

• 1 1 An sin kL b x 

without limit with the increasing upper limit, i.e., quantity R increases without 
limit too. 



Figure 10: Surface currents in the ground (a) and integration area (b). 

In connection with this, it was proposed to adopt /l/2as the upper limit of the 
integral. Firstly, the inductive current component, which decays following the law 
1 //F and causes the ground loss, predominates inside a zone with radius/ 1 / 2 . 
Secondly, the current component, which decays following the law l/pand is 
taken into account at calculation of the radiation resistance, predominates outside 
of the zone. Arbitrariness of such choice of the upper limit is, broadly speaking, 
obvious. 


In [56], the following expression for antenna additional impedance caused by the 
finite conductance of the ground was derived 
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(9.20) 


where 


H 


<p0 



(9.21) 


E is the radial component of the electrical field on the ground surface, and j{z) 
is the current along the antenna. 


The expression (9.21) is obtained in [56] in an intricate manner, using direct and 
inverse Fourier-Bessel transforms. A similar result can be obtained with the help 
of the theorem on the oscillating power (see Section 1.3). Apply the said theorem 
to volume V bounded by semi-sphere S R of great radius R, ground surface S , and 
antenna surface S A (Fig. 10b). Let R tend to infinity. Since the energy inside the 
volume is constant in steady-state regime, 


\EjdV= J 

(v) (s=s R +s A +s g 


EM 


,dS+jco\{juH 2 + sE 2 )dV^ 

(V) 


(9.22) 


where j is the impressed current density, n is outward normal to surface S. 


The left-hand side in (9.22) is the oscillating power related to the energy of 
external sources, i.e., to the antenna: 

L 

P I = \E z j{z)dz = J 2 ( 0)(Z, 0 +Zj. (9.23) 

o 


Here, Z A0 is the antenna input impedance in the case of a perfectly conducting 
ground. Its active component at lossless in the antenna wires and external bodies 
is equal to the radiation resistance. It is assumed that the antenna radiation 
resistance is independent of the ground conductance, since the procedure 
presupposes that the ground conductance is high, and the electromagnetic field 
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coincides with the field of antenna situated on the ground with infinite 
conductance. 


The right-hand side of (9.22) is 
P u = P l + P 2 + P 3 + 2 jcaW , 


where P l = \[£,H\dS R , 


(9.24) 


P = 


jM, 


dS 


= Jfc 


H 


j„ dS g and 


W = -\{/uH 2 +sE 2 )dV 


are the oscillating parts of the radiation power, of the loss power in the antenna 
wires, part of the loss power in the grounds and of the electromagnetic field 
energy in the volume V, respectively. 

Since electromagnetic fields at high and infinite ground conductance are actually 
the same, assume that 

J 2 (0 )Z A0 =P l + P 2 +2jcoW,P 3 =J 2 {o)Z g , 


where from 

1 r n ^ co 


(9.25) 


Here, E p and H ip are the field components on the surface of a perfectly 
conducting ground. 

Expression (9.25) differs from (9.20) only by replacement of H 0 with H (p . As is 
seen from (9.25), the statement on insertion of the magnetic field on the surface of 
perfectly conducting ground into the integrand is erroneous. The error is caused 
by an incorrect interpretation of expression (9.21). Since j{z ) is the current along 
the actual antenna, H p is the magnetic field on the surface of the ground having 
the finite conductance. 


The impedance boundary conditions on the ground surface are 
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Z„=-EJH f 


(9.26) 


where Z 0 is the surface impedance. The sign minus in this expression is caused by 
the direction of current density j = n,H along the radius to the coordinate 
origin. For the ground with great conductance 

Z 0 =i? 0 (l + j), (9.27) 


i.e., 


Z 


g 


27iR Q (l + j) 

J 2 ( o) 


| H\pdp. 


(9.28) 


In particular, 

K =ReZ * < 9 - w > 


where =ReH (p , H ip2 - Im// 0 . The current is in accordance with (1.8) 
considered as a real quantity. The difference between the old and new procedures 
is clear from (9.18) and (9.29). If = H ip(); then at b-^jb^L 

b 2 

\(Hl 10 -Hl 20 -2H^H^ 0 )pdp = rioX\-coskL) 2 F/(2xsinkL) 2 , 


where F = - 


'Ycos2tp + sm2^Y 


( ! 


P 


P ) 


cos2 kp , ^ 1 

dp< 


P 


kb\sj2 


i.e., the integral in 


(9.29) converges. 


It is useful to emphasize that expression (9.29) follows from the theorem on the 
oscillating power. One can also obtain expression (9.18) with the upper limit of 
the integral equal to oowith help the help of the theorem on the complex power. 
As noted before, the reactive power has no physical sense. The error proved to be 
a decisive one here. 
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9.3. FIELD OF A RECTANGULAR LOOP 


A widely used type of antennas is the loop, which can be used, e.g., as the main or 
additional antenna of a cellular phone. The loop antenna theory usually considers 
the field in the far region, which is created by a circular loop. However, the field 
of a square or a rectangular loop antenna is rather different from that of circular 
loop one. It is known only that if the square loop dimensions are small against the 
wavelength, the far field of such loop in the plane of the loop in the direction 
perpendicular to side of the square coincides with the field of a circular loop of 
the same area. Advantages of square and rectangular loop antennas make their use 
attractive, especially in small-sized devices, and the comprehensive analysis of 
their performance in the near field becomes more important. For example, it is 
obvious that the loop shape influences the field in the near field, if loop sizes are 
small, but finite in comparison to the wavelength and distance to the observation 
point. This section continues the examination of parameters of a rectangular loop 
antenna in the near field and compares them to those of a circular loop. 


The diagram of a rectangular loop is presented in Fig. 11a. The loop of size a x b 
lies in the plane xOy , and its center coincides with the origin. It is assumed, that 
the loop sizes are small ( a, b(^A ), and the amplitude and phase of current / along 
a loop wire do not vary. The azimuth of observation point P is (p x , azimuths of 
loop tops are = tan _1 (b/a), (p m =n-(p m , (p m =tz + cp (n , cp M = -p 0l , 
respectively. Radius-vector r of the radiation point situated on a loop wire 
depends on angle cp and is 


r 


a/( 2cos<£>), 
b/( 2 sin <p), 

- a/(2costp), 
-b/(2situp). 


<Poi <P02 
<Po2^<P^ <Pta 
%2^<P^<P*A 


(9.30) 


Azimuth component E ip of the loop electrical field is 
E <p =~j(oA (p , 


(9.31) 
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where A =— [[exp(- //,/?)//?Isin(//<:// is the corresponding component of the 

(!) 

vector potential, // is penneability, R is the distance from observation point 
( R 0 ,0,(p x ) to integration point (r,;r/ 2 ,<£>), <// is an angle of the current vector 
with the direction from the coordinate origin to the observation point (straight-line 
segmenting), and k - 2nj /l. Expression (9.31) takes into account that the loop 

current is closed, i.e., divA = 0. 



Figure 11: Rectangular loop geometry: a - in the loop plane, b -axonometric view. 

As seen from Fig. 11a, current / at integration point (r, tt/2 , < 7 ?) creates at 
observation point P both radial and azimuth components of the electrical field. 
Thus, unlike the circular loop, there is no other point (symmetrical with respect to 
the direction from the coordinate origin to the observation point) on the 
rectangular loop wire, where the current creates the radial component with the 
same magnitude, but opposite sign at the observation point. It means that, in 
addition to component E (p , the electrical field has also component E p . 
Nevertheless, as well as in the case of a circular loop, field components E ([) and 
H g predominate in an antenna far region and 

H e = -curl,A = —'— A-(^) (M2) 

n JOJjuR,, oR 0 


From Fig. lib, 
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R 2 =Rf + R 2 , 


where R x = R 0 cos 6 , R^ = R 2 + r 2 -2 rR 2 cos (tp-(p x ) , i? 2 = R 0 sin 0, 


i.e., 


R 2 = Rq + r 2 - 2 rR 0 sin#cos(^- (p x ). 

Rewrite the expression (9.33) as 
R = R 0 1 + x, 

where x = -(2r/R 0 )sin#cos(<^-<^J + r 2 /f? 0 2 ^1. 


(9.33) 


(9.34) 


Representing function 1 + x as a sum of an ascending power series and 
confining ourselves to the first four terms, the get 
y/l + x = l + x/2-x 2 /8 + x 3 /l6-... Accordingly, 


R = R 0 -rsint?cos(<^-<pJ + r 2 /(2R 0 )[l - sin 2 6cos 2 [<p - (p^ 
+ r 3 /(2R 2 )sin 0 cos {<p - cp x )[l - sin 2 0cos 2 (<p - cp x )j 


+ 


(9.35) 


Using the smallness of R-R 0 , expand fraction exp(- jkR)/R into Taylor series 
in the vicinity of point R = R 0 : 


exi 


p(~ jkR) _ exp(-jkR f) ] 


R 

kR-Rj 82 


dRj 


R 0 

cxpi-jkR,,) 


(■*-*ohr 


8R n 


exi 


p(~ jkR {) ) 


R n 


(9.36) 


R, 


0 


--{R-R*?-^ 

6 V dR 2 


exi 


p j-jkRp) 

Rn 


Substituting the derivatives into (9.36) and reducing similar terms 

f{<p) = exp [ jk(R *.)] = ^ (p)+ jk(i + a ) s in o[f 2 (^) cos(Pi + f i (^)sin tp x 


R Rn 


+ 2 /2 )T<ar (l + a)-^(l + 3a + 3a 2 )sin 2 6 f A (fp)~(k 2 / 2)(l + 3 a + 3a 2 )sin 2 6 ■ 
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■ I f 5 (tp) cos 2tp x + f 6 (^)sin 2 tp x ] + j[k 3 a/2^ + 3a + 3a 2 )sin 6»[/ 7 (^)cos tp x + / 8 (^)sin^, ] - 
-y(*780 + 2a + 5a 2 +5a 3 jsin 3 6[f g (<p)cos3<p x +/ 10 (^)sm3^, + 3/ 7 (f»)cosp 1 +3/ 8 (<3)sin^ 1 ], (9.37) 


where 


fx((p) = \Ji((p) = r cosip, f 3 {tp) = r sirup, f A {tp)=r 2 , f 5 (<p) = r 2 cos2<p, 
f 6 (ip) = r 2 sin2ip, f 7 {tp) = r 3 costp , f % (tp) = r 3 sin tp, f 9 (ip) = r 3 (4cos>-3cos^) 

, f l0 (tp) = r 3 (3sintp-4sin 3 tp), 


and a = 1 /(jkR 0 ). It is easy also to show, that on the loop sides 


fcOS^ 

rdtp / cos tp = ad tp /(2 cos° tp) tp 0A <tp<tp 0X 

II 

£ 

j'. 

bdtp / (2 sin 2 tp) 

(N 

VI 

©- 

VI 

- cos tp x 

ad tp /(2 cos 2 tp 

) ( Pin ^<P^ (pin 

- sin tp x 

bdtp/i^sin 2 tp) 

VI 

©- 

VI 

co 


(9.38) 


Substituting (9.30), (9.37) and (9.38) into expression for^,, we get 

= ^jkRP J/Wsin ^ = i-J^) jkSF{f)sm ^ 
4^o (i) 4kR 0 


where jkSF (/ )sin 6 

and S = ab is 

the loop area. Denote 


a 

— cos tp. 
2 


(Pbi <Pm 

M 


V^04 <P02 


' f{<p)d ( P 
cos 2 tp 


b . 

+-sm ip\ 



V^Ol 


" f(<p)d<p 

■ 2 ’ 

I sin tp 


F t = jkSF (/]. )sin 0 . 


(9.40) 


Then from (9. 37) 



Particular Antennas and ProblemsThe Theory of Thin Antennas and Its Use in Antenna Engineering 283 


jkSF(f Jsint? = F t + jk{\ + a)sind(F 2 cos<p t + F , sin^, ) + [k 2 + a)~ (l/2 )(l + 3 a + 3 a 2 )sin 2 $]f 4 - 

- (k 2 + 3 a + 3 a 2 )sin 2 &[F s cos2 cp x + F 6 sin2^[ ) + j(k 2 a/2\l + 3 a + 3cr )sin9(F 7 cos tp { +F S sin^)- 

- j(k l /s\l/3 + 2a + 5a 2 + 5a 3 ) sin 3 9(F 9 cos 3^>, + F 10 sm3^ + 3 F 7 cos cp { + 3 F s sin^). 

The integration of expressions (9.40) gives 

F l =F 4 =F 5 =F 6 =0,F 2 =abcos<p l ,F 3 = absirup [ ,F 1 = (fl 3 h/4|l+h 2 /(3fl 2 )Jcos^, 

F s = (ab 3 / 4)[l + d 1 /{3b 2 )]sin^, F 9 = ( abj 4)(l - b 2 /a 2 )coscp l ,F lQ = -(a 3 b/4)(l - a 2 /b 2 )sin^, 

and, accordingly, 

F(f)= 1 + a + k 2 /8[(n 2 + b 2 /3)cos 2 tp ] + (b 2 + u 2 /3)sin 2 <p t Ja(l +3 a + 3a 2 )- 

(9.41) 

~{k 2 /s\a 2 cos 2 tp l +b 2 sin 2 tp l \l/3 + 2a + 5a 2 +5a 3 )sin 2 9. 

Quantity A is found from (9.39); quantity E ip is 

E = 30 k 2 IS ex P(~ J kR 0 ) jr (/ )siti 9 • (9-42) 

<p D w 7 

If the loop sizes are infinitesimally small in comparison with the wavelength, then 

E 0 = 30k 2 IS(\ + a) ™ p (~ yM o) S in 9. (9.43) 

* 


The expression coincides with the known one for the azimuth field component of 
the elementary circular loop with radius is small against the wavelength. The 
circular loop area in it is replaced with the rectangular loop area. 

Comparing the formulas (9.42) and (9.43), it is easy to see, that in (9.43) 
F(f) = \ + a, i.e., only the first two terms are retained from expression (9.41). 
The remaining terms are proportional to the squared ratios of loop linear size to 
the wavelength and higher powers of a (to inverse powers of the distance to the 
observation point). The field magnitude in a near field is seen from (9.41) to 
depend on the observation point azimuth. 
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The rectangular (noncircular) loop shape gives rise to radial field component 
E R =-jcoA R , (9.44) 

where a = — f ex P 1^1 ) cos is the radial component of the vector 
* 4^ J, R 

potential, and 

sin <Pi <Po 

-cos <p x (p m <(p<(p Q2 

cos y/ = < (9.45) 

- sm <P\ <p {)2 <<P< (p m 

cos cp x (p m <(p<(p 04 . 

The expression for A R subject to (9.45) assumes the form 

= £/«p (rMAjiso (/)si„ e, (9-46) 

4 ttR 0 

where 


WO I WOi 

jkSG(f ) sin 0 = - sin <p v J - J 


f{(p)d(p b 


JVPP<P o . r r 

^f^--sin^ J-J 

cos (p 2 j j 

' (On i (Dm 


fW)d(p 

sin 2 (p 


and function f{(p) is consistent with the fonnula (9.37). Denote 
G, = jkSG(f i )sin 0, 


(9.47) 


(9.48) 


then the expression for jkSG( f)s'\n 0 is similar to that for jkSF(f)sm Q with 
quantity F j replaced with G ; .. The integration of equation (9.48) gives 

= G 4 = G 5 = G 6 = 0, G, = ab sin <p l ,G 3 = -ab cos ^,,G 7 = (a 3 &/4)[l + 6 2 /(3a 2 )]sin<p 1 , 

G 8 = («i> 3 /4)[l + a 2 /(3t> 2 )]cos$>,,G 9 = a 3 b/4i^-b 2 /a 2 )sin<p l ,G l0 = -(a 3 &/4)(l -b 2 /a 2 )cos <p x , 


and, accordingly, 
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G(f ) = (& 2 /4)sin 2 tp 1 [a(l/3 + a + a 2 \a 2 +b 2 )- (l/8)(l/3 + 2a + 5a 2 + 5a 3 )(a 2 + 3b 2 )sin 2 #J (Q 

Quantity A R is found from (9/46); whereas 

E r = 30 k 2 IS eXP ^~ kR ° ^ G(f) sin 0. (9.50) 

As seen from (9.50), the radial field component contains only terms that are 
proportional to the squared ratios of loop linear size to the wavelength, i.e., it is small 
in comparison to the azimuth component. In addition, the radial component 
substantially depends on the azimuth. The component vanishes in the directions that 
are perpendicular to the rectangle sides. Indeed, in this case, each loop conductor 
point, creating field dE R at the observation point, opposes a point symmetric with 
respect to that perpendicular, the current at the point creating field - dE R at the 
observation point. Peaks of E R occur at angle /r/4 with respect to the said 
directions. 

Fig. 12 shows the calculated results for field E^. They are depending on a distance 
R 0 /yl between the rectangular loop center and the observation point (in 
wavelengths). The loop dimensions are assumed equal to a = 2b -\/2k, the 
observation point azimuth is^ = k/2 , and angle 0 varies from /r/6 to /r/2 . The 
field magnitude is reduced to its value for 0-nj 2 , R 0 jA, - 0.1. 



Figure 12: Relative azimuth components as a function of distance for various values of angle 6 . 
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Fig. 13 presents curves for E' of the similarly shaped loops (a = 2b ), but with 
different areas (in wavelengths), and^, = njl , 0 = nj2 . The fields of different 
area loops are the same in the far region (IS = const ), and they are reduced to the 
field of a loop with a-l/lk andi? 0 //l = 0.1. Curve 1 was calculated by the 
approximate fonnula (9.44), that is, for a loop, with dimensions are infinitesimally 
small in comparison with the wavelength. The loop field in the near region 
calculated by the exact formula can be seen to differ substantially from that by the 
approximate one. 



Figure 13: Relative azimuth components for the loops of different shapes and dimensions. 



Figure 14: Relative azimuth components for the same a and the same fields in the far region. 
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RM»*1 2,g/4) 

^ (A/10,^/2 ^/4) |a=M=lX3i) 



Figure 15: Relative radial components for loops with different sizes and the same fields in the far 
region. 

Fig. 14 gives similar curves for various aspect ratios. The fields of different loops 
are the same in the far region (IS = const ), and they are reduced to the field of a 
loop with b = a/2 = l/(4Ar) and R 0 // 1 = 0.1. 

Fig. 15 presents the results for radial field component E R . Loop dimensions are 
a = 2b , observation point azimuth is</>, = tt/ 4 , and the angle f/ is/r/2 . The 
magnitudes of E R for loops with the same fields E in the far zone (IS = const ) 
are reduced to that of E for a loop with a =1/21 and R t) /2 = 0 .1 . As can be 
seen, E R is small in comparison with E and vanishes in case of an elementary 
loop with dimensions infinitesimally small in comparison with the wavelength. 

The results demonstrate that dimensions and shape of a loop have a substantially 
effect on its field magnitude, especially in the near field. 

9.4. SHIP ANTENNAS 

The section is dedicated to separate issues of designing ship antennas. They are 
representatives of numerous groups of antennas deployed on mobile objects and 
as such have specific features of their own being placed under constrained 
conditions in close proximity to metal bodies of different shapes and dimensions. 
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An antenna of medium-frequency (hectometer) waves is known as the main ship 
antenna. It must ensure the tuning of the main and emergency transmitters, and its 
efficiency in operation with the main transmitter must be sufficient in order to 
establish the electric field with strength 50juV/m at distance 150 miles. With 
allowance for details of medium-frequency waves propagation, the antenna must 
create vertically polarized electromagnetic waves with the maximum radiation 
direction along the ground surface. The pattern in the horizontal plane must be 
close to the circular one. 

For this reason, the hectometer antenna is an asymmetrical vertical radiator. As a 
rule, its height is small in comparison with the wavelength, i.e., the radiation 
resistance is low,which leads to low efficiency. Accordingly, the underlying 
problem in the development of new antennas is the increase of its effective length. 
Therefore, wide use is made of antennas with capacitance loads at the upper end 
pennitting to improve (to make more uniform) a current distribution along the 
antenna, to increase their effective length and radiation resistance (Fig. 16). The 
load is perfonned as a system of horizontal wires, which are stretched between 
masts either in one plane, or along generatrices of a circular cylinder. 

Such an antenna is mostly base-fed. Its circuit corresponds to Fig. 16a, and the 
current distribution is given in Fig. 16b. But one can, in principle use top-fed 
upper antennas (Fig. 17), when the transmitter connects to a wire located inside 
the mast, with the upper end of the wire integrated with the horizontal load (see 
Fig. 17a). The circuit is equivalent to connection of the exciting emf at the top 
(vertex) of the antenna - between the vertical radiator (the outer mast surface) and 
the load (a horizontal sheet or circular cylinder) - see Fig. 17b. If the wire cannot 
be laid inside the mast, the variant with a shielded wire is feasible (see Fig. 17c) 

The current distribution along a top-fed antenna is given in Fig. 17d. In this case, 
the current antinode is in the radiator base. The current varies weakly near the 
antinode, and the effective length is in the first approximation equal to the 
geometric length of antenna, i.e., it is longer than in the case of base-fed antenna. 
But one has towards the antenna base (to the point of the exciting emf 
connection). To weaken the effect, the ratio of the mast and the internal wire 
diameters needs to be increased. 
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In a base-fed antenna, the mast acts as a support and creates stray capacitance 
between the antenna and the ground, which causes that carries decrease of the 
radiation resistance. In the general case for analysis of the mast effect can rely on 
the CST program. In the particular case, when the antenna represents a vertical 
wire without load, which is located in parallel to the mast and has the same length 
(Fig. 18), one can use an explicit technique based on the folded radiator theory. 
As seen from the Figure, the radiating wire and the mast fonn short-ended at the 
ground and open-ended above the folded radiator with different wire diameters. 
By analogy with Section 3.4, one can divide the radiator into two auxiliary 
circuits: a linear radiator of height L with an equivalent radius a e and open-ended 
at the end long line with wave impedance W l . The input admittance of the antenna 
near the mast 

n=l/Z,+p 2 /Z„( a ,). (9.51) 

Here, Z, = -jW l cot kL is the input impedance of the long line, Z m is input 
impedance of the linear radiator, p = C n /(C U + C 22 ) is the in-phase current share 
in the excited wire, C n andC 22 are the self-capacitances of excited and passive 
wires. 



Figure 16: Inverted/, antenna (o) and the current distribution along it (h). 


Expression (9.51) is valid, if distance b from the antenna to the mast is small 
against the antenna length and the wavelength. If these values are commensurable, 
it is expedient to use the induced emf method, in accordance with which the input 
impedance of the excited radiator near the passive one is 
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Z A = Z n -Zj 2 2 /Z 22 , (9.52) 

where Z u andZ 22 are the self-impedances of both radiators, and Z 12 is their mutual 
impedance. 



Figure 17: Top-fed antenna with the upper feeding: (a) - a wire inside the mast, (b) - equivalent 
radiator, ( c) - a shielded wire, (d) -the current distribution. 

Fig. 19 gives an example of radiation resistances R z of wire antennas 6.52 and 13 
m long (the wire radius is a x =3.7 • 10 'm) at frequency 460 kHz plotted against 
distance b between the antenna and the mast for different radii a, of the mast. To 
compare, quantity R u of the single antenna radiation resistance is plotted. 
Experimental values for the mast of radius a 2 = 0.4 m are shown with dots. The 
good coincidence of experimental results with calculation confirms the validity of 
obtained results. 

It is seen from the figure that active component R 4 of the antenna input 
impedance drops sharply as the distance between the antenna and the mast 
decreases. Horizontal loads of the wires weaken the influence of the mast. But in 
this case as well, it is necessary to move the antenna away from the mast as far as 
possible (from 4 to 8 m, depending from the mast height). 

Low radiation resistance and lower efficiency are not only drawbacks of wires 
antennas. To them one must add a wide variation range of the input impedance, 
which makes it difficult to specify the antennas type and complicates the onboard 
equipment. Besides, an antenna curtain can break as a result of a stonn or ice 
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formation, the antenna can hinder cargo handling, it requires mounting a second 
mast unnecessary onboard contemporary ships. For this reason antenna-masts 
have found their use as the main ships antennas. At first, three variants of such 
antennas appeared: with guy ropes and guy wires, self-supporting and mast- 
mounted. The first variant was dropped soon after because of a great area 
occupied by the antenna. The second variant was at first too expensive. Often, it is 
difficult to erect a cumbersome self-supporting antenna-mast. So, it is expedient 
to use an antenna with inductance-capacitance load, installable on the existent 
mast (Fig. 20). 



Figure 18: The relative disposition of the radiator and the mast. 


(l) R A ,Ohm 


b) R., Ohm 



Figure 19: Radiation resistance of wire antenna with height 6.52 m (a) and 13 m (b) against the 
distance to the mast. 
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The circuit presented in Fig. 20a corresponds to the variant with open vertical 
wire and can be used onboard operational ship. The antenna is base-fed and 
differs from inverted L antenna only by the type of load. Top-fed variants are 
possible also. The load is produced in the shape of a vertical structure, which is 
the mast extension. The mast supports the load, so for a given mast height, the 
geometric height of antenna increases, i.e., the effective height of antenna 
increases and other characteristics are improved, too. 

The antenna load (see Fig. 20b) consists of four whip antennas connected in the 
base by a conducting ring and double-coiled volume spiral inserted in series with 
it. The system of four whip antennas is equivalent to a thick metal radiator with 
low wave impedance and high capacitance. The spiral increases the antenna 
electrical length. Both elements decrease the reactive component of the input 
impedance and increase the effective height. Use of tumbling whip antennas 
permits to decrease, if necessary, the total height of the structure. The man access 
to the load elements at the time of ships lying in a port and the calm weather is 
foreseen. Lightning spark gap is installed at the point of antenna wire lead-in to 
the radio room. 



Figure 20: Antenna with inductance-capacitance load: (a) - circuit, (b) - load structure, (1) - 
tumbling whip antenna, (2) - conducting ring, (3) - double-coiled volume spiral, (4) - open vertical 
wire, (5) - mast, (6) - ground, (7) - column, (8) - base insulator, (9) - rod insulator. 
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Figure 21: Antenna-mast with inductance-capacitance load on the upper bridge of cargo ship 
Konstantin Shestakov. 

The antenna-mast with inductance-capacitance load was proposed in 1966 and 
improved in 1970 [57]. The antenna prototype was mounted onboard cargo ship 
Konstantin Shestakov of displacement 3500 ton (Fig. 21). Antenna is placed on 
the ship’s upper bridge, on the mast of height 9.5 m and of diameter 0.3 m. The 
static antenna capacitance is 442 pF, the natural wave length is 240 m, and the 
active component of the input impedance at frequency 400 kHz is 4.3 Ohm. 

In later years, the antennas in accordance with a similar circuit were constructed 
in other countries (Fig. 22).The capacitance load in them is made as a systems of 
whip radiators installed at the antenna top, and the inductance load is made as a 
coil or spiral connected in series with the radiating wire. They include Norwegian 
antenna AS9 (in tumbling version AS9ST) and antenna 938G-1 by Collins, USA. 
They are built as self-supporting structures of fiberglass and have the total height 
about 15.3 m. No provision exists for their placement on a common ship mast. 
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The development of described antennas resolved the problem of ship radio 
communication in the range of medium-frequency waves. Meanwhile, solution of 
the problem in the short-wave range met with little success. Of most interest were 
the multi-radiator antennas and antennas with capacitance loads. 

The structure of the first kind is described in Section 1.5 (Fig. 7b), and the 
procedure of calculation is given in Section 5.4. The antenna consists of the 
central radiator and the side radiators, mounted around the central one along the 
circular cylinder generatrices and connected with it in the base. The number and 
length of the side radiators should be selected so that antenna could operate in the 
entire frequency range. 

A multi-wire antenna consisting of radiators without concentrated loads has high 
electric characteristics in the vicinity of series resonances of isolated radiators. 
But it ensures the required TWR level and the necessary pattern shape over the 
entire frequency range, only if the antenna diameter is increased to 1 m and 
greater. For this reason, it is expedient to use the central radiator with the 
concentrated complex impedance consisting of parallel-connected resistor and 
inductance coil. 



Figure 22: Self-supporting antenna-masts with inductance-capacitance load: (a) - 938G-1, (h) - AS9. 
(1) - whip radiator of fiberglass with copper sennit, (2) - bronze cap, (3) - central copper conductor, 
(4) - fiberglass mast, (5) - inductance coil, (6) - aluminum tube, (7) - fiberglass tube, (8) - antenna 
lead-in. 
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A mode close to traveling wave one is established on the lower segment of the 
central radiator and raises the minimum matching level in the gaps between the 
nonnal zones. The combination of the multi-wire structure and the complex load 
pennits to obtain acceptable performance in the range from 6 to 25 MHz with the 
help of antenna of height 12 m and diameter 0.3 m. The antenna uses absorber 
BAA-3-2 as a resistor. Unfortunately, the antenna efficiency at certain frequencies 
drops below 50%. 

The antenna with capacitance loads has the minimum loss. But, the capacitance 
loads cannot provide for a tunable linear antenna, which ensures PF not less than 
0.5 and TWR not less than 0.3 over entire short-wave range. To adjust the 
antenna, it is more than enough to change the loads magnitudes, for example, by 
means of switches. Unfortunately, the work of creating such antenna has not been 
carried through. 

An important feature of any mobile object, in particular, a ship, is confined area 
for antenna placement, in view of that antennas are installed near differently- 
shaped metal structures, such as masts, superstructures, pipes, etc. Analysis of 
their influence on the antenna performance is complicated even in the simplest 
cases. The superstructure can be considered as an additional passive radiator. 
Solving the set of Kirchhoff equations for the totality of radiators, we can find the 
current in each one. The difficulty lies in large lateral dimensions of the 
superstructure, i.e., the calculation of its self-impedance and mutual impedances 
between it and other radiators, which is based on the thin antenna theory, yields 
too rough approximation. The analysis method based on replacing the metal body 
with a system of thin wires [23, 41] is more efficient. 

Begin with a single superstructure of a regular shape. Fig. 23 gives the circuit of 
the wire structure, equivalent to a thick superstructure shaped as a circular 
cylinder of finite length, next to which a whip antenna is placed. It is assumed that 
the ground surface is perfectly conducting, and the structure is symmetrical with 
respect to the surface. The circular cylinder is replaced with the wire structure of 
eight equidistant wires located along the cylinder generatrices and the radii of 
their ends. Since the antenna excites mainly the longitudinal current component in 
the superstructure, then, to simplicity the calculations the lateral circle wires are 
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disregarded. The wire and the whip antenna diameters are assumed equal. The 
coordinate origin coincides with the superstructure center. The dimensions at the 
figure are given in meters. 



Figure 23: Whip antenna near a cylindrical superstructure. 

Table 4 presents input impedance Z A and directivity D m (reduced to a half-wave 
dipole) of the 6-m whip antenna near a superstructure of diameter 5 m and of 
heights 6 and 20 m at three high frequencies. To compare the parameters are 
given for the case without the superstructure ( L s =0). The calculations show that 
the antenna characteristics to a high degree depend on the superstructure presence 
and on its height. The radiation resistance decreases (excepting the region of 
parallel resonance). The radiation in the direction to the superstructure decreases 
sharply (except for lower frequencies and the structures, shorter than the whip 
antenna). The currents in the wires of the superstructure equivalent on either side 
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of the whip antenna differ substantially both in amplitude and in phase. The 
calculated pattern of the antenna located near superstructures of different height 
both in the horizontal plane and in the vertical plane are in fairly good agreement 
with the experiment. 

The said agreement indirectly confirms obliquely the validity of the wire structure 
choice. As an additional test the characteristics of the whip antenna situated near a 
superstructure with than in vertical ones. For example, in the superstructure of the 
height 6 m at frequency 6 MHz they differ by a factor of order 10\ 

Table 4: Characteristics of a whip antenna near a superstructure 


/;mhz 

Z A , Ohm 

D m 

On 

II 

O 

6 

20 

0 

6 

20 

6.0 

6.0-j353 

3.7-J351 

1.8-j350 

1.86 

2.46 

4.32 

12.5 

39.7+j20.9 

24.7+j38 

17.0+j28.2 

2.00 

5.39 

5.32 

19.0 

289+j424 

356+j505 

185-K448 

2.35 

4.76 

6.80 


The calculation permits to find the minimal superstructure height, at which the 
antenna characteristics coincide with those of an antenna located near an infinitely 
high superstructure. This height exceeds the antenna height approximately by a 
quarter of the wavelength. 

In actual practice, the superstructure shape is other than cylindrical. Comparison 
of influence of superstructures differently shaped, equally distant from the 
antenna axis, of close dimensions, e.g., with circular or polygonal cross sections, 
shows that the influence on the antennas behavior remains basically the same. 

Abundance of variants of antenna placement onboard ships calls for its type- 
design practice in order to predict their performance with allowance for 
environment, if possible. Namely, it is necessary to include the nearby antennas of 
the great dimensions, e.g., antennas-masts and radiolocation antennas, which 
distort the antennas characteristics. As a rule, the problem reduces to determining 
the performance of antennas placed near two superstructures. The additional 
superstructure causes additional decrease of the radiation resistance and increase 
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of directivity. The above procedure was used also for calculating characteristics of 
a linear array consisting of whip antennas situated near a cylindrical 
superstructure, and a convergent double-tier array near two superstructures. 

It is worth emphasizing that the wire structure used in the calculation as the 
equivalent of a metal structure must agreement with the physical object of the 
problem. For example, it is expedient to replace structure wires along the expected 
current lines. That permits to decrease substantially the number of wires and, 
accordingly, the amount of calculation at the same calculation accuracy (or, vice 
versa, to increase the accuracy of results at the same amount of calculation). 

Different authors quote different values of the minimum number of wire structure 
conductors to secure the equivalence of influencing metal body and its model. 
This value determines the number of segments, into which the wire system is 
divided. The variance is caused by solving different problems and using different 
basis functions. As shown here, when calculating electrical characteristics of 
antennas located near ship’s superstructures, the distance between wires should 
not exceed 0.08 A . Similar results were obtained in calculations of characteristics 
of whip antennas situated on the edge of ship deck or on the yard and of 
symmetrical radiator placed along the axis of trough with finite length. The latter 
problem arises, if the antenna is located near a metal structure and is built flush 
with it, i.e., does not rise over it. Another variant of the same problem occurs, if 
the radiator is placed in a dielectric capsule floating along the water surface. 
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— reflect 246 

— of microstrip elements 246 

— of multiple-stacked elements 249-251 
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- two phasing modes: 

maximum forward radiation and the minimum backward radiation 233 
Bandwidth ratio of radiator 

- with constant loads 178-179 

- with frequency-dependent loads 179-180 

- without loads 178 

Boundary condition of Leontovich 260 
Cable 

- multi-conductor 132-147 

- average distance between the wires 134, 139 

- currents in the excited and unexcited wires 142, 145 

- equivalent circuit of a single line 134, 135 

- equivalent circuit of two coupled lines 138, 145 

- with the crosstalk 132, 138, 142, 147 

- because of asymmetry 132-135, 138. 142, 145 

- because of twisting of each line 133, 134 

- with the current of common mode 132, 133, 135, 136, 142, 144 

- because of loads between wires and shields 138, 142-145, 147 

- because of stray capacitance of a transformer winding to ground 143, 145 

- with the losses 143, 146 

Calculation of two elements mutual capacitance in the third one presence 148-150 
Capacitance 

- of wideband radiator load 174-177 
-- in the base 182 

-- constant 178-179 
--frequency-dependent 179-180 
Criterion 

- quasy-Tchebyscheff 84 
Current 

- constant 111, 260 

- derivative jump 25, 80, 155, 161 

- distribution 2, 4, 8, 10-13, 16-19 

- in-phase 29, 83, 92, 97, 99, 110, 143, 165- 169, 172-177, 193, 194, 200, 289 

- sinusoidal 10, 12, 13, 15-19, 22, 39, 42, 45, 46, 49, 50 
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-- piecewise sinusoidal 63, 87 
Dipole 4,5,9, 10, 13, 18 

- asymmetrical 20 

- short isolated 63-65, 86 

- symmetrical 4, 5, 9, 10, 13, 18, 20, 33, 47, 51, 64-67 

- with arms as conic shells 73-76, 101, 103, 110, 116 
with inclined arms 71, 73 

with straight arms 8, 10-12, 21, 36-38, 40, 47, 62, 68, 91, 
Efficiency 82, 85, 175, 197, 210, 213, 216, 217,240, 258, 265, 268 
Equation 

- in the matrix form 60, 64, 65, 245 

- integral 10, 15, 16, 19, 26, 33, 34, 35, 46-50, 67 
-- for current 2, 10, 35, 48 

—for flat transparent antenna 263, 266, 271 

- for metal radiator 33, 44, 46 

- for system of radiators 54 

- for two radiators 39, 44, 46 

- of Hallen 16, 34,35,38,39,51 

- of Leontovich-Levin 16, 19, 26, 36, 39, 44 

- of Pocklington 35, 57, 58 

- solving by modified method 19, 26, 49 

- with approximate kernel 34 

- with exact kernel 34, 38 

- of continuity 2 

- of Laplace 70, 113, 114, 126 

- of Maxwell 1, 2, 5, 239 

- telegraph 66, 145 

Flux of energy 3, 13, 18,20, 106, 110-112, 118, 120 
Function 

- basis 59, 61-63, 87, 298 

- objective 84-87 

- of Green 7, 57 

- of entire-domain 61,63 

- of penalty 84 
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- of subdomain 61-63 

- piecewise constant 62 

- piecewise linear 62 

- piecewise parabolic 62 

- polynomial 62 

- of Legendre 62 

- of Tchebyscheff 62 

- weighting 59, 60, 61-64 
Ground loss resistance 274, 275 

Influence of ship superstructures on the antenna performance 186, 188-190, 295- 
298 

Integration 

- double 60, 65 

- single 4, 38, 59-61, 265, 274, 284, 286 
Log-periodic dipole antenna 239-245 

- procedure of calculation 244, 245 

- structure close to the self-complementary one 241, 242 
Long line 

- conic 109, 112 

- coupled electrically 25, 77, 82, 132, 138, 145-147 

- equivalent 25, 27, 39, 50, 65-67, 161, 187, 191, 263, 289 

- impedance 21, 58, 65-67, 72, 83, 87, 88, 186, 187, 196 

- metal 289 

- multi-wire 142, 146, 147, 157 

- parabolic 115 

- stepped impedance 22, 170 

- two-wire 29, 135 
-- coaxial 135 

- linear with different wire length 147, 148, 151 
Main ship antenna 288, 291 

- inductance-capacitance load 291-294 

- stray capacitance between the wire antenna and the mast 289 

- upper and lower feeding 288, 290, 293 

- self-supporting antenna-masts 291, 293, 294 
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Medium 2, 4, 7, 19, 47, 69, 88 

- of the head 88-90, 96, 198-200 

- homogeneous 91, 198-200 

- heterogeneous 198-200 

- of the head and air 199 

- equivalent relative pennittivity 199 
Method 

- of complex potential 69 

- of impedance line 58, 83, 87, 88 

- of induced emf 5, 12-17, 19, 20, 26, 28, 44, 46, 47, 49, 51, 53, 58, 63, 65 

- first formulation 17, 19, 46 

- generalized 64, 65 

- second formulation 17, 19, 45, 53, 155 

- of compensation 28, 88-96 

- with the help of additional radiator 91 

- with the help of two additional radiators 156, 206 

- with radiators located at equal distances from the compensation point 219, 229 

- with the help of reflectors 223-229 

- of Galerkin 59, 61, 64 

- of iterations 35 

—of King-Middleton 35 

- of mathematical programming 83-88 

- of moments 58, 59, 61, 63 
-point-matching technique 61 

- of perturbations 38 
-modified 19, 26, 42, 43, 46, 49 
Model 

- filament 5, 6, 8-12, 15, 34, 35, 44, 51, 55, 69-73, 91 

- with finite radius 9, 14, 34, 35, 112 

- with zero radius 9 

- thin-wall cylinder 9, 10, 15, 34, 36, 38, 40 

- of phantom 122-131 
Monopole 

- multi-wire 294, 295 
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- with unequal length of wires 147, 148, 150, 156 
Optimization of linear antennas 

- decrease of antenna reactance 172, 173 

- freedom of antenna length choice 188 

- maximal matching level 164, 165, 172, 177 

- weakening of metal structures effect 186,188 

- wide frequency range 164, 165, 172, 173, 175-182 
Optimization of V-radiators 194, 195 

Partial functional 84, 86 
Pattern 

- factor 85 
Phase 

- step 97 

- in reradiating 247-251 
Point of feed 

- in the center 8, 29 

-- displaced 19, 20, 26, 47 

- of integration 9, 40, 56-58 

- of observation 5, 9, 12, 40, 56 
Potential coefficient 

-self 81, 136 

- with the account of the image 78, 80, 81, 136 

- mutual 78, 81 
Power 

- active 3, 4, 8, 13, 18 

- complex 13, 14, 15 

- oscillating 17-19, 22 

- reactive 13, 16, 18, 19 
Principle 

- complementary 102, 107 

- of current cut-off 240 

-of duality 102, 103, 117, 120 

- of superposition 29, 40, 92, 94, 147 

Propagation constant providing exponential or linear current distribution 166-172 
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Protecting 

- against irradiation 88, 89 

- by cellular phone 88, 89 

- of devices 88 

- of living organisms 88, 89 

- with help of absorber 89 

- with help of compensation method 89 

- with help of screen 89 
Radiator 

- additional 90, 91, 96 

- folded 10, 24, 25, 27-31, 77, 79, 89 
-- open 25, 29, 31, 77 

- shorted 27, 29, 31 

- with capacitor 28, 29 

- of straightwire segments 55-58 

- linear 3, 5, 8, 16, 19, 28 

- three-dimensional 68-71, 74, 107, 123 
-V-shaped 103, 105, 190-196 

-- electric 190-196 

- magnetic 103, 105 
Region 

-far 3, 4, 13,26, 90 

- near 88-91, 93 
Reflectivity 269, 271 

Relationships of similarity 123, 124, 192, 239 
Resonance 

- parallel 26, 46, 296 

- series 51,83, 164, 243, 294 

Results of compensation method application 

- creating dark spot 89, 96, 226 

- dark spot boundary 201-204, 207, 208 

- factor of irradiation reduction 201, 220 

- fields of main and additional radiators 209 

- retention of horizontal pattern 206, 207 
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- dependence of pattern from radiators valid placement 206-208 

- total, local and point SAR in the head 89, 208, 213, 215 
SAR 89, 122-124, 131, 205, 207, 208, 213, 215, 216 
Set 

- of divergent wires 101, 107 

- of equations 2, 6, 38, 42, 43, 48 

- of parameters 84, 85 
Setup of phantom 123, 124 
Singularity logarithmic 38, 41 
Slowing-down 49 

Small parameter 

- of Hallen 21, 35, 263 

- of Leontovich-Levin 21, 35, 37, 38, 41, 42, 48, 50, 52, 166, 173, 263 
Synthesis 

- of linear radiator 185-187 

- of V-radiator 190-196 
Theorem 

- of energy conservation 18 

- of pattern multiplication 232 

- of reciprocity 16, 96, 97, 99, 245, 247 

- for a reflect array 96, 97, 99, 245, 247 

- with broad side radiation 247 

- with prescribed direction of radiation 250 

- of uniqueness 70, 113, 126 
Thin transparent film 

- linear self-capacitance of a film 263 

- low efficiency 265, 268, 270, 271 

- propagation constant 263-265 

- sheet resistivity 259-261, 266, 268 
Transition 

- from magnetic radiator to slot 103, 118, 119, 121 

- to a cylinder 70, 113 

- from cone 70 

--from paraboloid 113, 126-127 
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- transformation of variables 70, 115 
Travelling wave ratio 85, 178 
Wave impedance 

- electrodynamic 78, 79, 84 

- electrostatic 78,79, 84 

- of long line 39, 67, 72, 75 

-- inside a metal cylinder 133-140 

- infinite 75, 76 

- of radiator 39, 52, 67, 72 



